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Abstract
The 'bystander effect' describes radiation-like damage in un irradiated cells, either in the
vicinity of irradiated cells or exposed to medium from irradiated cells. This study aimed to
further characterize the, as yet poorly understood, mitochondrial response to both direct
irradiation and bystander factor(s).
Human keratinocyte epithelial and Chinese hamster ovarian cells were exposed to either y
radiation or bystander factor(s) at doses of 5mOy, O.50y and 50y and examined 4-96
hours later. DNA damage was determined using deletion analysis, single strand
conformation polymorphism analysis, long range PCR, semi-quantitative PCR and
quantitative real-time PCR. Mitochondrial mass was determined using MitoTrackel M .
This study also evaluated irregular mitochondrial function. This was evaluated by
determining whole-cell oxygen consumption rates in a Clarke-type oxygen electrode. The
activity

of

individual

mitochondrial

enzyme

complex

function

of

oxidative

phosphorylation was also determined and furthermore, the ability of mitochondria to
translate their full complement of mitochondrial DNA encoded proteins was evaluated.
Deletion analysis identified a novel deletion in the mitochondrial genome as early as 12
hours post direct irradiation. Point mutations were identified in a non-consistent manner in
the D-Ioop region of both CHO-Kl and HPV-O mitochondrial DNA and the Cox 11 region
of the CHO-Kl mitochondrial DNA. Real time PCR identified a significant increase in
mitochondrial genome frequency, while Mitotracker analysis indicated significant
increases in mitochondria mass. Long range PCR identified non specific global damage at
96 hours post direct treatment post lower doses of HPV -0 cells. Loss of enzyme function
occurred as early as 4 hours post treatment with recovery being observed 12-96 hours in
some but not all complexes demonstrating a non-uniform sensitivity to y radiation.

II

Irregul ar mitochondrial DNA -di rected protei n synthesis was also observed, most notably at
96 hours post treatment. Polarography indicated signi fi cantl y reduced oxygen consumpti on
rates exposed in CI-IO-K I ce ll s fo llowed by an apparent recovery, most likely due to
increases in mi tochondrial numbers_
This study advances the current understanding of short term mitochondr ial damage and
response post radiation and ' bystander' factor( s) and identifies a need to further evaluate
the long term viability of mi tochondria that survi ve irradiation. The stud y also hi ghlights
that thi s sma ll, sensiti ve yet critical organelle may playa significant role in perpetuating
the e ffects of radi at ion damage and may provide for first-response biomarkers of very lowleve l exposure.
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XX IV

Chapter 1: Introduction
1.1 Radiobiology
1.1.1 Milestones in Radiobiology
In 1897, Grubbe, Despeignes, Williams and Voight had the first rival claims of using X
rays to treat cancer. However, it soon became apparent that radiation was not only
beneficial, but caused damage to healthy exposed tissue. Reports from Frieden (1902)
showed cancer in ulcers treated with X rays. In 1922 it was proposed that a 'target' area or
vital cellular structure within the cell must be damaged to initiate cell death (Blau and
Attenburger, 1922). These authors believed that if this target area was not hit, then cellular
damage was not induced. By 1953, Watson and Crick discovered the double stranded
DNA helix. DNA was found to be the control centre of every cell and perhaps led
radiobiologists to assume that DNA must be the target area within each cell.
In 1956 the clonogenic assay was developed by Puck and Marcus. This cell culture
technique allowed the dose effect relationship for radiation to be defined in vitro, in terms
of reproductive survival (Le. the ability of a single cell to form a colony of cells). This
assay became a very important tool for assessing cell damage following exposure to
radiation and other toxins and is still the gold standard used today. A second major
milestone was reached in 1961 when Lett et al. found that radiation induced DNA strand
breaks, both single (SSBs) and double (DSBs) within the double stranded helix.

1.1.2 Radiation Tracks in Biological Cells
In biological systems, the energy absorbed from radiation can lead to either excitation or
ionisation. The raising of an electron in an atom or molecule to a higher energy level is
excitation. If sufficient energy is present and an electron from an atom or molecule is
released, the process is called ionisation. Ionising radiation is classified as particulate or
electromagnetic, and can release large amounts of energy. The energy dissipated per
ionising event is about 33eV. This energy results in the production of a fast recoil electron.
This electron can induce damage by means of direct interaction with the DNA or indirectly
through the production of free radicals, which can break the DNA double strand helix
(Hall, 2005).
Linear energy transfer (LET) is defined as uniform energy transfer per unit length of
radiation track. Direct interaction with DNA is associated with high LET radiation such as
neutrons or a particles. These deposit large amounts of energy into their target but do not
penetrate very far. One a particle can deposit from 100-500 mGy dose per cell. On the
other hand, low LET radiation, such as X rays and y radiation, deposit low amounts of
energy into the target but can penetrate very far. Low LET radiation mainly causes indirect
damage that occurs through interaction with water molecules and the action of the resulting
free radicals. One electron track of low LET radiation is equivalent to a I mGy dose per
cell (Hall, 2005).
The type of radiation used in this research was y radiation from a cobalt 60 source at St.
Luke's Hospital, Dublin. y rays are electromagnetic in nature and are emitted as the
unstable nucleus of a radioactive isotope breaks up and decays in its efforts to reach a
stable form (Hall, 2005).
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1.1.3 Radiation Damage and Repair Processes
If DNA repair fails then chromosomal or chromatid aberrations may result. This is
dependant on the phase of the cell cycle. If damage occurs early in the cell cycle, the
chromosome will have not yet condensed and therefore the damage will be present at
mitosis. This is termed a chromosome aberration. If damage occurs later in the cell cycle,
once the chromosomes have condensed into chromatids, then a chromatid aberration
results. There are many types of aberrations, such as unstable aberrations (dicentrics, rings
and fragments) causing gross distortions with lethal consequences, while stable aberrations
such as symmetric translocations and small deletions are non-lethal but may lead to
oncogenesis (Hall, 2005).

Ionising radiation can have beneficial uses such as its use in X rays and radiotherapy.
However, it may induce fatal damage to DNA and also to the membranes and protein
structures in a delayed manner (Ward, 1988). This radiation energy can be deposited on
one strand of the double strand DNA (dsDNA) helix and cause damage. Damage to the
double helix can also occur by a single ionising event causing a random single break in the
complementary strand or base (Hall, 2005). Indeed, Turesson et al. (2003) has reported
that 1 Gy dose of low LET radiation can induce at least 1000 SSBs and 25-50 DSBs in
DNA. yH2AX is a histone repair protein that is used to package the DNA chromatin and
becomes phosphorylated at the sites of DSBs making it a useful marker (Clingen et aI.,
2008). Somodi et al. (2005) using 0-6 Gy X ray doses on two DNA repair deficient (SSB
and DSB) cell lines and wild type cells examined the progeny post irradiation. They
reported that the most damage (micronuclei (MN) induction, apoptosis and delayed cell
death) was observed in SSB deficient cells and was most likely due to an increase in
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reactive oxygen species (ROS) which damage DNA (which is normally mended by the
SSB repair pathway). This indicates that SSBs are extremely sensitive to irradiation and
are involved in genomic instability, while in the DSB deficient cells that have an active
SSB repair system, this damage is repaired leading to much lower levels of radiation
damage. Damage inflicted on DNA can also result in the production of damaged proteins,
or inhibition of transcription, hence causing damage to the cell.

In general, un-repaired DNA damage can lead to cell death and mis-repaired DNA damage
may lead to mutations and carcinogenesis (Hall, 2005). There are three major types of
radiation induced DNA damage repair;
1) Error free repair: this occurs when damage has occurred to the DNA bases, repair can
occur with DNA polymerase and several proteins. The DNA template is proof read and,
upon finding a damaged base, it is removed and replaced with a correct nucleotide before
continuing with synthesis. This results in no mutations or lethality.
2) Error prone repair: deals with damage that escapes proof reading but may result in a
combination of non-lethal and lethal mutations.
3) Incomplete repair: if damage is so severe the DNA sequence may not be corrected
properly and hence this does not result in the re-establishment of the DNA sequence and is
considered lethal (Larsen et ai., 2005).
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1.2 Cell Death Mechanisms
Necrosis is an unplanned cell death and is often the result of severe or sudden injury. The
plasma membrane loses its ability to regulate osmotic pressure. The cell swells, organelles
are damaged, the cell ruptures and spills its contents and toxins into the extracellular
environment, chromatin is destroyed and the neighbouring cells are compromised. This
type of cell death is not ideal, as intracellular communication and normal cell function are
lost. The lack of control in this type of cell death triggers macrophages to remove
surrounding debris, hence causing inflammation in the surrounding area.
Apoptosis, derived from a Greek word meaning 'to fall' as in leaves or petals and may also
be called programmed cell death (PCD). This is a planned, gene-directed process, which
results in active cellular destruction. The controlled nature of the death means
neighbouring cells are not compromised. This form of cell death results in cell shrinkage,
organelles remain undamaged and intact, chromatin fragments and apoptotic bodies form.
These apoptotic bodies are removed by phagocytosis and no inflammation occurs. PCD is
characterised as either caspase dependent or independent. The mitochondria playa major
role in both caspase dependent and independent PCD. Chen et al. (2000) showed that
ionizing radiation induces the release of cytochrome c from mitochondria into the cytosol
to activate a family of cysteine proteases (caspases) that cleave selected substrates such as
aspartic acid residues and lead to cellular destruction. Bel-XL is a family of proteins found
on the inner mitochondrial membrane. They play a major role in inhibiting radiation
induced apoptosis (Taneja et al., 2001). The role of mitochondria in PCD is well
documented. Newmeyer et al. (1994) used Xenopus egg extracts to study apoptosis and
showed that in these extracts apoptosis was blocked by the addition of Bcl-2 protein (an
anti-apoptotic protein found on the inner mitochondrial membrane). Yang et al. (1997)
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observed a relocalisation of cytochrome c from the mitochondria to the cytosol within one
hour of PCD induction in mammalian cells leading to caspase activation and eventual cell
death. The translocation of cytochrome c from the mitochondria to the cytosol can be
blocked by over expression of Bcl-2, showing Bcl-2 is in the mitochondria and regulates
the translocation of cytotochrome c (Yang et aI., 1997). However, once cytochrome c was
released from the mitochondria, Bcl-2 had no effect (Kluck et aI., 1997).
The third type of cell death is known as mitotic cell death, this is different to the other two
explained above as the cell remains alive but has lost its ability to complete mitosis and
proliferate. The rest of the organelles can still function. Thus, one of the key features in
mitotic death is increased cell volume resulting in 'giant cells' (Hall, 2005).

1.3 The Paradigm of Radiobiology
1.3.1 Targeted Effects
The conventional paradigm of radiobiology was based on the direct or targeted effects of
irradiation. However, this has changed in recent years as numerous reports have confirmed
non-targeted effects of irradiation exist.
One of the first theories put forward to explain how radiation interacted with cells, was the
target theory (Lea, 1946, Marshall, 1970). It stated that there is a critical point in the cell
that must be hit either directly (high LET) or indirectly (low LET), in order to induce cell
death. This critical point was believed to be DNA. This theory implies that high doses of
radiation such as a. particles interacting with DNA, can cause damage to the DNA bases,
SSBs and DSBs. The theory also implies that for indirect damage, low doses of radiation
such as y rays result in an electron being knocked out of its orbit and interacts with a water
6

(H20) molecule. The H20 molecule becomes ionised and interacts with another H20
molecule to form a hydroxyl radical ( OH), which can diffuse and damage the DNA.
The linear quadratic equation (see equation 1.1) was based on this theory (Kellerer and
Rossi, 1972, Chadwick and Leenhouts, 1973) and it states that at lower doses of radiation,
DNA is damaged by SSBs and at higher doses of radiation, more damage occurs, causing
DSBs. It can therefore be said that cell death by radiation is proportional to the dose or
proportional to the square of the dose and there is no dose at which there is zero probability
of inducing a DSB. In 1962, Power proposed a modification of the target theory. This was
called the repair theory and allowed repair and cell cycle process to be incorporated into
this model (Sinclair, 1972, Alper, 1984).

Where SF = Survival fraction, D = dose, a= initial slope and

~=

terminal slope

Equation (1.1)

New evidence has accumulated to suggest that there are also other targets besides DNA,
within a cell that can lead to significant damage, though DNA is still very important where
radiation damage is concerned.
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Subsequently, a second theory was put forward which involves the linear no threshold
(LNT) model (Figure 1.1). This is the current model used for cancer radiation risk
assessment to humans. The model was developed using the data from individuals exposed
to extremely high doses of radiation such as those received by the survivors of the atomic
bombs in Japan and Chernobyl accident (20 - 250 cGy). It states that the dose of radiation
exposure is proportional to its biological effect as a dose-response relationship was
observed i.e. if a cell does not receive radiation exposure, then no biological effects are
observed. However, because this data only included individuals receiving high doses of
radiation, it was important to determine risks associated with low dose radiation exposure
also such as individuals exposed to relatively low levels of irradiation medically or
occupationally (0-20 cGy). This was done by extrapolation using the data from the atomic
bomb survivors back to zero. This model assumes that there is always a risk with exposure,
no matter how low the dose. It has been found that for solid cancers the LNT method fits
best while the linear quadratic function fits best for cancers such as leukaemia (Preston,
2005).
A third model termed the 'threshold model' assumes that, above a certain level of
radiation, a 'threshold dose' is obtained. This presumption suggests that below the
'threshold dose' the probability of irradiation causing severe harm is low but once the
radiation dose reaches the 'threshold' level the degree of damage increases rapidly. These
effects are called determinate effects and an example of this is the severity of cataracts
with an increasing dose (Hall, 2005). At the other end of the scale considerable evidence
has more recently accumulated to suggest that no threshold level is required, it now
appears that no dose is too small to be effective, for example a cancer induced by 1 Gy is
no

more

severe

than

a

cancer
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induced

by

0.1

Gy

(Hall,
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Figure Ll: Representation of the Lineal' No Threshold model (LNT model)
The data on the incidence of leukaemia in the atomic bomb survivors (taken from
Pierce et al., 1996) is shown as an LNT model
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1.3.2 Non Targeted Effects
In more recent years a range of evidence has now emerged that challenges previous
theories and non-targeted DNA effects need to be considered as additional factors
following irradiation. Non targeted effects have been shown to be significant at low doses
and are not linked to DNA being directly damaged by radiation (Schettino et al., 2003,
2005).
These effects include:
1) Bystander effects (Mothers ill and Seymour, 1997, Prise et aI., 1998), described in detail
in section 1.3.4.
2) Genomic instability which can be defined as non-clonal mutations in the progeny of
irradiated cells (Seymour et ai., 1986, Lorimore et aI., 1998, Kadhim et aI., 1992). This
phenomenon can result in a range of genetic changes including MN induction (Philpson et
al., 2002, Seymour et aI., 1986), mutations and delayed reproductive death (Philpson et aI.,

2002), gene amplification, reduced plating efficiency (Seymour et al., 1986), chromosome
aberrations (Kadhim et aI., 1992, Streffer 2004) and apoptosis (Belyakov et aI., 1999,
Lyng et aI., 2000).
3) The adaptive response can be described as a cell becoming more tolerant to subsequent
exposures of a similar or higher dose (Olivieri et al., 1984, Azzam et aI., 1994, lkushima et
aI., 1996, Sawant et aI., 2001). This mechanism is seen as a protective response to the

much higher dose (Azzam et aI., 1994). Some of the characteristics observed in cell lines
displaying an adaptive response are increased cell survival (Iyer and Lehnert, 2002),
decreased mutagenic response (Zhou et aI., 2004) and reduced transformation frequency
(Mitchell et aI., 2004).
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4) Low dose hypersensitivity (HRS) or increased radioresistance (IRR) (Joiner et al.,
2001): It has been suggested that an indirect link exists between HRS and IRR to adaptive
response, with both carrying out similar mechanisms and showing signs of increases in
both repair mechanisms and efficiency (Joiner et aI., 1996, 2001, Bonner, 2004). With
HRS, there is increased sensitivity of cell populations to low doses of radiation, resulting in
higher levels of cell death. While at the higher doses, IRR is observed with the cell
identifying damage up to a threshold level, which trigger DSB and excision repair
pathways (Joiner et aI., 1999, Tucker, 2008).

1.3.3 Clastogenic and Ahscopal Effects
The target theory was believed to be accurate for a long time, but was first questioned by
Parsons et al. (1954) who showed children with chronic granulocytic leukaemia receiving
radiation treatment to the spleen, had damage to their bone marrow. This was evidence that
radiation damage was not confined to the precise site that had been previously exposed, but
may include the surrounding area as well. These effects were termed 'abscopal' effects of
irradiation. A few years later Souto (1962) showed that blood plasma or ultrafiltrates taken
from irradiated rats or sheep caused exposed rats to develop mammary tumours, much
higher than that of the control. It was also found that plasma from irradiated patients
receiving high doses caused chromosome breaks in unirradiated lymphocytes (Hollowell
and Littlefield, 1968). Goh and Summer (1968) also reported that following total body
radiation a transferable substance caused chromosome breaks in unirradiated human
lymphocytes. Reports termed this transferable substance as clastogenic factors.
Clastogenic factors are pro-oxidants, have a low molecular weight (1000-10,000 Da) and
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are involved in oxidative stress pathways and lipid peroxidation (Emerit, 1994). They are
produced via superoxide (0 2 .-) and also induce the production of Oi- (Emerit, 1994).

1.3.4 Bystander Effects
The first report on bystander effects was by Nagasawa and Little (1992). They showed that
when 1 % of a population of Chinese hamster ovary (CHO) cells were irradiated with low
fluence a particles, 30 % of cells displayed an increase in sister chromatid exchanges
(SCE). This result was much greater than what was expected based on the dose and the
number of targeted cells. This report re-introduced the concept that irradiated cells could
induce indirect effects in surrounding cells following high LET radiation. They also
suggested that the signal released from irradiated cells may be transduced using a signal
transduction pathway or through a free radical cascade.
Evidence of non-targeted effects has accumulated over the years. The exact nature of this
phenomenon has yet to be identified and the term 'bystander effects' has been adopted.
Bystander effects can be defined as the detection of a radiation-like response in cells that
were not themselves irradiated but were either in the vicinity of, or were exposed to
medium from, irradiated cells (Mothersill and Seymour, 1997, Mothersill and Seymour,
2001).
The bystander effect has been related to a wide variety of biological effects such as:
alterations in gene expression (Azzam et at., 1998), gene mutations, chromosome
aberrations (Lorimore et aI., 1998), SCEs (Nagasawa and Little, 1992), MN formation
(Prise et al., 1998), cell death (Lyng et at., 2000), genomic instability (Seymour and
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Mothersill, 1997), oncogenic transformation (Goldberg and Lehnert, 2002) and premature
differentiation (Belyakov et aI., 2002, 2006).

1.4 Methods used to Examine Bystander Effects
There are four main methods to examine 'Bystander effects' described in the literature.
The first method involves using very low fluences of a particles, where not every cell is hit
by a track of radiation, resulting in a cell population of both irradiated and non irradiated
cells (Nagasawa and Little, 1992, Narayanan et at., 1999).
The second method involves using a microbeam. This allows the delivery of high energy
particles to a specific cell or cells, or indeed even a specific area within a cell such as the
nucleus, cytoplasm or mitochondria. The effects of irradiated and non irradiated cells can
be measured within the same dish (Prise et at., 1998, 2000, Zhou et aI., 2000 and Shao et

aI., 2003, 2004, 2008, Folkard et aI., 2008).
The third method involves the transfer of medium from irradiated cells, which is also
referred to as irradiated cell conditioned medium (ICCM). This method was developed by
Mothersill and Seymour (1997) and is the one employed in this study. Cells are irradiated
and the medium from irradiated cells is removed and transferred to cells that were never
exposed to irradiation (Mothersill and Seymour, 1997).
The fourth method involves co-culturing two separate populations of cells grown on
separate regions of the same plate and exposed to the same medium. A special feature of
this technique is that a particles can only traverse a short distance through a thick mylar
film. Therefore, only one population of cells on the plate are exposed to irradiation and any
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dissolvable factors released from cells can diffuse freely in the medium, to the unirradiated
cells (Zhou et ai., 2002, Shao et al., 2004, 2007, 2008). An altered version of the mylar
technique uses specially designed strip mylar dishes. Each dish is fitted with a 6 /lm mylar
bottom and thick 38 /lm mylar strips are inserted on top. Cells grown on the bottom mylar
sheet are directly exposed while cells grown on the striped inserts are bystander cells
(Zhou et at., 2005).

1.4.1 Methods Involving High LET Radiation
Using the medium transfer method, Lehnert and Goodwin (1997) reported that human cells
exposed to low dose a particle fluences resulted in extracellular factors in the culture
medium, one was short lived that was generated by a radiation and a second that was
persistent, surviving freeze thaw, was heat liable and could be inhibited by superoxide
dismutase (SOD). These factors resulted in an increase in SCEs in cells not previously
exposed to irradiation.
Zhou et

at. (2000) found that when 10

% of a confluent population of AL cells were

traversed with a single a particle per cell, mutations were induced with a yield that was
similar to that observed when all the cells in the population were traversed with an a
particle. Zhou et

at. (2002) also showed that the medium from cells exposed to a particle

irradiation caused cytotoxicity in unirradiated cells.
lyer and Lehnert (2000) reported bystander effects by transferring medium from a particle
irradiated cells to unirradiated cells. A significant increase in ROS and transforming
growth

factor-~l (TGF-~l)

were observed along with a decrease in levels ofTP53 (tumour
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suppressor protein) and CDKNIA (cyclin dependent kinase) (rho GTP binding protein). It
was suggested that increased levels of ROS contributed to an increase of TGF -p 1 which in
tum led to a decrease in levels ofTP53/ CDKNIA.
Using microbeam technology, Prise et al. (1998) showed that targeting just 4 cells within a
population could induce MN formation and increased apoptotic cells in bystander primary
human fibroblasts. These authors also reported that the number of particles used did not
have an effect on the number of bystander cells showing damage. A spatial effect of
damaged cells around the target cell was observed, suggesting that there is a limit of
diffusion in distance for a bystander signal. In a follow up report, Belyakov et al. (2000,
2003) used targeted radiation to hit a total of 10 cells in both normal human and porcine
urothelial explants. A proliferative-dependent bystander response was observed with
increases in both MN formation and apoptotic cells in the actively dividing cells at the
periphery of the explant but not at the centre. However, the fraction of MN and apoptotic
cells did not exceed 1-2 % of the total number of cells within the explant outgrowth.
Bystander effects were observed when 10 % of a population of murine mesenchymal stem
(C3H lOT1I2) cells were irradiated (Sawant et aI., 2001). These included an induction of
oncogenic transformation and decrease in survival of70 % (Sawant et aI., 2001). Moore et

al. (2005) reported a significant 2 fold increase in genomic instability following irradiation
of either a single cell or defined fractions (15 % or 50 %) of a human lymphocyte cell
population. Genomic instability increased for all three groups. Results were comparable for
the latter two groups, although both were higher than when a single cell was traversed in a
population. These authors suggested a bystander signal threshold may be involved and
when this is reached, a plateau forms as was observed with the 15 % and 50 % groups.
Alternatively, they proposed that epigenetic alterations may be involved, with only a small

15

fraction of cells becoming unstable irrespective of the fraction of population traversed. Hu
et al. (2006) have shown a 2 fold increase in yH2AX (DNA damage repair protein)
following a particle radiation on human diploid fibroblast bystander cells. Accumulation of
yH2AX occurred in a time dependent manner irrespective of dose. This suggests DSB
lesions have a role in radiation induced damage. Most recently, Shao et al. (2008) has
demonstrated that co-culturing T98G glioblastoma cells (a fraction of cells had been
irradiated) with un irradiated AGO 1522 fibroblast cells resulted in an increase in MN
formation in AG01522 cells, irrespective of dose. Nitric oxide (NO) was detected in the
bystander cells and

TGF-~l

aminoguanidine (AG) or

was present in the ICCM. Use of an NO inhibitor,

anti-TGF-~1

eliminated MN formation. AG reduced

lCCM indicating it is regulated by NO. This suggests

TGF-~l

TGF-~1

in

is a mediator of increased

ROS and makes it a likely candidate for the signalling factor inducing bystander effects.

1.4.2 Methods Involving Low LET Radiation
Mothersill and Seymour (1997) used the medium transfer method to examine bystander
effects of low LET irradiation. They found that un irradiated cells exposed to ICCM
displayed a significant reduction in clonogenic survival with effects of 0.5 Gy ICCM
similar to 5 Gy ICCM.
Mothersill et al. (2000) suggested that mitochondrial metabolism had a role in the
production of bystander factors as it was observed that cells that do not have the functional
glucose-6-phosphate dehydrogenase (G6PD) enzyme (G6PD null cells) displayed a lack of
bystander factor production. When the G6PD gene was transfected back in, these cells
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displayed a significant bystander effect. Maguire et al. (2005) reported a dose dependent
increase in the level of Bcl-2 in human keratinocytes cells post exposure to ICCM.
Mothersill et al. (2004) reported that cell lines with deficient DNA repair systems have
larger bystander effects. This suggests that deficient cells produce a signal when DNA
damage is induced. This is seen as a protective mechanism as damaged cells receiving the
signal are removed from the population by PCD.
Lyng et al. (2000, 2001) using the medium transfer method observed that when human
keratinocytes were exposed to ICCM, a rapid calcium flux was observed within 30
seconds. These authors also reported a reduction in the mitochondrial membrane potential
(MMP) (~\j1M) 6 hours post exposure to ICCM and an increase in ROS for up to 24 hours
later. No significant difference was observed between 0.5 Gy and 5 Gy. By 48 hours post
ICCM exposure, an increase in the number of apoptotic cells was observed (Lyng et aI.,
2000). In a further study by Lyng et al. (2002) it was shown that the bystander signal could
persist in the surviving progeny of irradiated cells. This was in conjunction with an
increase in ROS and calcium levels (Ca2+) and a decrease in ~\j1M indicating the apoptotic
cascade was still being induced in the progeny.

Kashino et al. (2004) demonstrated that medium harvested from X ray sensitive hamster
cells (xrs) 24 hours post X ray irradiation induced MN production in unirradiated cells. In a
similar investigation, Konopacka et al. (2006) used the medium transfer method to
measure bystander effects in cells exposed to medium from directly X ray irradiated cells.
Significant increases in MN induction and apoptotic cells were observed in unirradiated
bystander cells along with a decrease in clonogenic survival. These authors reported that
the addition of vitamin C and E (scavenger of free oxygen radicals) 1 hour post irradiation
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reduced MN formation in a dose dependent manner. However, it had no affect on the level
of apoptotic cells present. They concluded that MN induction was independent of
apoptosis and cell viability. Yang et al. (2005) reported X ray radiation on AG01522
normal human fibroblast cells could induce medium mediated bystander effects. An
increase in the production of MN, p21 and yH(2)AX was observed. These authors also
repOlted an increase in ROS lasting up to 30 hours in bystander cells and 60 hours in
directly irradiated cells. Effects were independent of dose from 0.5 Gy to lOGy. The
addition of SOD and catalase inhibited the effects but had no affect on cell survival.
The ultra soft X ray microprobe has been designed to examine bystander effects for low
LET irradiation (Schettino et al., 2003, 2005). This technique uses a fine beam of low
energy photons to traverse individual cell(s) within a population. Using this method
Schettino et al. (2003) reported a 10 % increase in cell death when a single cell within a
population was exposed. However, when all cells in the population were exposed, damage
occurred in random clusters as a linear quadratic response and HRS was observed. It was
reported that below 200 mGy the effect was dominated by the bystander effect while over
200 mGy the effect was dependent on dose (Schettino et aI., 2003).

1.4.3 Examining the Bystander Effect In Vivo
Watson et al. (2000) were the first authors to provide evidence of bystander effects in vivo.
This group took haemopoietic stem cells from an irradiated donor animal and transplanted
them into the bone marrow of a non-irradiated recipient. Using a three way marker system,
they could distinguish host derived cells, donor derived cells and donor irradiated cells.
Analysis was carried out for up to 12 months and it was found that haemopoietic cells from
18

the mouse progeny displayed genomic instability aberrations. Mothersill et al. (2005)
examined bystander effects following total body irradiation of mice. Specific organs and
tissues were harvested post irradiation and examined ex vivo. A clear bystander signal was
released into the culture medium. Lorimore et al. (2005) demonstrated in vivo bystander
effects using a con genic sex mismatch bone marrow protocol. A mixture of 40 % irradiated
and 60 % non irradiated haemopoietic cells were transplanted into a female recipient that
had received 9.5 Gy prior to transplantation. A significant increase in chromosomal
aberration instability was observed in the progeny of the unirradiated cells. This indicated
that bystander effects were from the decendents, as a long term consequence from
irradiated cells. Lorimore et al. (2008) demonstrated the presence of a bystander signal
present in the ICCM derived from mice following total body y irradiation. ICCM generated
from bone marrow and macrophage cells increased the production of chromosome
aberrations in the descendents of normal murine haematopoietic stem cells. The presence
of NO inhibitor c-PTIO, dimethyl sulfoxide (DMSO) and neutralising tumour necrosis
factor-a (TNF-a) antibody, was shown to reduce the level of aberrations.
Using microbeam irradiation and a 3 dimensional reconstructed human tissue model,
Belyakov et al. (2005) reported a l.7 and 2.8 increase in both MN and apoptotic cells,
respectively. These increases were found at distances of 1 mm and 0.6 mm, respectively
from the traversed target cell. These authors also showed that the bystander effect was
present when only the epidermis layer was targeted but not the dermis. They suggested this
was due to either no signal being produced by the dermis to the epidermis or it was a
consequence of distance between the two. In a further study to examine in vivo responses,
Belyakov et al. (2002, 2006) used a ureter explant technique. A single target location was
irradiated with 10 helium eHe2+) ions. These authors observed a significant increase of 10-
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15 % in premature differentiated cells. They suggested this was a protective mechanism to
remove damaged cells from the proliferating pool and maintain tissue integrity.

1.5 Mechanisms of the Bystander Effect
The mechanisms by which the bystander effect is transferred from irradiated cells to nonirradiated cells has yet to be fully elucidated, though, several authors have proposed
various mechanisms. One of the first mechanisms, which is seen in a lot of the low LET
studies, does not involve cell to cell contact. Instead, there is a release of a diffusible
medium borne signalling molecule (Mothersill and Seymour, 1997). As the irradiated cells
and those cells exposed to ICCM, were not in the same vicinity at the time of radiation,
gap junctions were not involved suggesting only cell density was an important factor. In
fact Mothersill and Seymour (1998) suggest that the cell killing effect is slightly enhanced
if gap junction intercellular communication (GJIC) is inhibited prior to irradiation. These
findings have been reported in some high LET studies also (Suzuki et aI., 2004). Shao et

al. (2005) reported that bystander effects were observed and no direct GJIC was involved
when T98G cells were irradiated in two separate regions of a microbeam dish.
A second type of mechanism that has been reported involves GJIC. Azzam et al. (1998,
2001) showed a GJIC involvement in the transduction of the bystander effect in human
diploid fibroblasts exposed to low fluences of a particles when only 2 % of the cells were
hit. A significant increase in p53 and an increase in down stream CDKNIA (p21waf-l) (protein
involved in cell cycle) was observed. When the same experiment was carried out using a
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gap junction inhibitor, lindane, to treat cells prior to irradiation, no bystander effect was
observed. Shao et al. (2003) also found a reduced bystander response and reduced MN
formation when lindane was added to normal human skin fibroblast A GO 1522 cells prior to
radiation. Although, other authors such as lyer and Lehnert (2000) found an opposite effect
with TP53 and CDKNIA. Using the medium transfer method with a particle exposed cells,
a decrease in these proteins and an increase in growth was found in the bystander cells.
These authors suggested this finding may be due to the different experimental methods.
Zhou et al. (2004) demonstrated gap junction communication was important following a
particle radiation of AL cells. These authors showed that when octanol (gap junction
inhibitor) was used, mutant levels were significantly reduced. Using a double-mylar dish
where only one side of the dish was exposed to a particle irradiation, Zhou et al. (2002)
reported an increased level of cell death in unirradiated cells. However, no increase in
mutagenic yield was observed. When only the medium was irradiated no change in cell
survival was observed. This suggests that cytotoxic factors were released into the media
and that the transmission of the factor does not rely on gap junction communication. Using
whole body irradiation, Mancuso et al. (2008) investigated the response of neonatal mouse
cerebellum following exposure to X ray radiation. They reported that GJIC was evident for
a radiation induced bystander response. Increases in apoptosis and DSBs were observed.
The addition of cell-cell communication inhibitor, 12-0-tetradecanoylphorbol-13-acetate
(TPA), reduced apoptotic damage by 3.3 fold and a 2.6 fold decrease of connexion 43
(Cx43) expression was observed.
It appears that there are numerous ways in which the bystander signal can be transmitted
from irradiated cells to unirradiated cells. These depend on the circumstances such as the
cell type, cell density, nature of the irradiation, if cell to cell contact is possible and if gap
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junctions are open. Mothersill and Seymour (2001) suggested that high and low LET
radiation have different mechanisms of action, but the end result is similar. Closed gap
junctions may also prevent the bystander factor from being secreted into the medium. This
may explain the absence of bystander responses in some cell systems with no gap junctions
or those that are closed.

1.6 Candidates for Bystander Factor(s)
Mothersill and Seymour (1998) observed that when cells were placed on ice during
irradiation, the bystander factor was not produced. This indicates that the cells must be
metabolically active for production of the bystander effect. It has been reported that the
bystander factor saturates at low doses (Nagasawa and Little, 1992, Seymour and
Mothersill, 2000, Schettino et al., 2003). Nagasawa and Little (1992) observed that the
signal could be produced at 0.16 mGy and saturated at 0.31 mGy, with no further
significantly different increases up to 4.9 mGy. Mothersill and Seymour (2002) showed
that the bystander factor was maximally produced at doses as low as 5 mGy. This is
because with the direct effect, as the dose increases, so too does the percentage of cell
death. However, at low doses the relationship between dose and effect is no longer linear
and effects are due solely to 'bystander' factors that dominate in neighbouring cells
(Mothersill et al., 2004). Zhou et al. (2004) reported that no significant difference was
observed in mutant yield when 10 % or 20 % of a population of AL cells were traversed
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with a single a particle. This suggests a threshold level of damage exists and once reached,
saturates with no significant increase in damage with increased dose.
Nagasawa and Little (1992) suggested that a particle irradiation resulted in the induction of
a mediated radical formation within the cell membrane which may lead to a cascade of
events that finishes with nuclear damage in cells that had not been exposed.
To date the nature of the bystander factor has yet to be identified. However, it has been
suggested to be of a protein nature and several candidates have been proposed to be
involved, such as cytokines, NO, ROS, and signalling molecules.

1.6.1 Protein Nature of the Bystander Factor
Lehnert and Goodwin (1997) reported that the bystander signal released into culture media
survived freeze/thaw and temperatures up to 56°C, however was abolished at 93°C,
suggesting the signal is of a protein nature. Mothersill and Seymour (1998) reported that
the factor was stable at -20°C with no decrease in the toxicity of the signal. However, when
the medium was heated to 70°C, there was a significant decrease in the ability of the
medium to reduce plating efficiency of the un irradiated cells. It was also reported that
following total body irradiation, the bystander factor was persistently expressed by murine
bladder explants of C57BLl6 mice in culture (Mothersill et aI., 2005). The signal was
stable for 24 hours and persisted when frozen indicating that the signal appears to be a long
term biological response and unlikely a consequence of radiation induced radical formation
(Mothersill et al., 2005). Mothersi 11 and Seymour (1997) also suggested that the bystander
factor could be an Emerit factor like protein. As discussed earlier the Emerit factor induced
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clastogenic effects and was found in the plasma of radiotherapy patients (Emerit and
Cerutti, 1981).

1.6.2 Cytokines
There has also been a suggestion that the cytokine, TNF-a may be a possible candidate for
the bystander factor. Azzam et al. (2002) reported an induction of nuclear factor-xB
(NFxB) in human fibroblast bystander cells post a particle irradiation. The TNF-a pathway
is very complex and includes auto-regulatory pathways, NFKB and interleukin 8 (IL8),
which are downstream ofTNF-a. However, Moore et al. (2005) reported that TNF-a was a
mediator in genomic instability in irradiated cells but not bystander cells. Iyer and Lehnert
(2000) reported that increased levels of TGF-~ were found in the medium from irradiated
cells which resulted in a bystander effect in un irradiated cells. When

TGF-~

was inhibited

the bystander response was abolished. TGF -~ can also activate cell surface membraneassociated nicotinamide adenine dinucleotide (NADH) oxidase. As a consequence this can
activate the release of H 2 0 2 and other ROS, which stimulate
(2007) reported that TGF -~ 1 was a

m~or

TGF-~

production. Shao et al.

mediator of the bystander effect. They reported

that when a fraction of human glioblastoma T98G cells were individually irradiated with
3He2+ ions an increase in MN in unirradiated cells was observed. MN formation was
eliminated using a NO inhibitor, AG or
indicating it is regulated by NO.

anti-TGF-~1.

Anti-TGF-~1

AG reduced

TGF-~1

in ICCM

inhibited NO when only 1 % of cells were

hit but had no effect when 100 % were hit. This indicated that both a direct and a bystander
pathway were involved. Similar results were obtained in a follow up experiment when
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T98G glioblastoma cells were co-cultured with AG01522 fibroblast cells indicating that
that the release ofTGF-pl from T98G cells can contribute to the bystander effect in distant
AGO 1522 cells (Shao et aI., 2008). Narayanan et al. (1999) reported increased expression
of the inflammation response cytokine, IL8, following a particle irradiation. This was
linked with an increase in ROS production and suggests IL8 as a possible mediator of the
bystander effect.

1.6.3 Reactive Oxygen Species and Nitric Oxide
Many reports have suggested the involvement of ROS and nitrogen species (NS) in the
production of the bystander response. Lehnert and Goodwin (1997) demonstrated the
induction of SCEs in human diploid bystander cells following a particle radiation. This
could be inhibited by the ROS inhibitor, SOD. Azzam et al. (2003) demonstrated that a
particles led to the induction of ROS which activated stress induced proteins in both p53
and mitogen activated protein kinase (MAPK) pathways. These effects were inhibited by
the addition of SOD and catalase. Inhibition of redox-sensitive transcription factors was
also observed.
Zhou et af. (2004) reported that pre-treating AL cells with the free radical scavenger Nacetyl-cysteine (NAC) prior to a particle radiation significantly reduced the level of CD59mutants in non-irradiated cells, indicating a role for ROS in bystander effects. Shao et af.
(2003a, 2003b) reported a decrease in the amount ofMN in bystander cells treated with the
ROS scavenger (DMSO), or NO inhibitor (c-PTIO). MN formation was almost fully
suppressed by treating with the gap junction inhibitor, 4p,9a, 12P, 13a,20-pentahydro-
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xytiglia-I,6-dien-3-one 12 p-myristate 13-acetate (PMA) and DMSO prior to irradiation.
When c-PTIO was present in the medium, no cytotoxicity was observed. It was suggested
that the long lived downstream derivatives of NO such as TGF-pl induce MN or initiate
DNA strand breaks. Kashino et al. (2007) examined the effects of DMSO in CHO and
repair deficient xrs5 cells. These authors reported that 0.5 % DMSO prior to X ray
exposure reduced MN induction by 20 % in CHO cells while 5 % DMSO was required for
a similar reduction in xrs5 cells. Also of interest in this investigation was the finding that
0.5 % DMSO did not decrease oxidative stress levels while 2 % did (causing
morphological change). The authors concluded that an increase in ROS was not the main
initiator of the bystander effect and suggested that low doses of DMSO act as a repair
activator while at higher doses it acts as a radical scavenger.
Azzam et al. (2002, 2003) suggested that an increase in short lived ROS induce secondary
more long lived radicals which may be involved in the bystander signal. Morgan et al.
(2002) suggests that although a role of ROS can not be excluded, it is difficult to imagine
that ROS alone is capable of such detrimental effects associated with the bystander factor.
These authors suggest that the bystander factor is secreted from irradiated cells, generating
extra cellular ROS that contribute to eliciting the observed bystander effects.
Shao et al. (2001, 2002) reported an increase in cell proliferation and MN formation in
unirradiated bystander cells following the release of NO from irradiated human
submandibular gland duct cells. Using wild type and mutated TP53 human gliobalstoma
cell lines, Matsumoto et al. (2001) showed medium containing high levels of NO could
induce the accumulation ofTP53 and heat shock protein 72 (HSP72) in unirradiated cells.
Shao et al. (2004) demonstrated that a single cytoplasmic hit using a 3He 2+ ion could
induce an MN yield similar to when all cells/nuclei were hit in a neighbouring population.
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The addition of filipin (a chemical which disrupts the cell membrane) decreased MN and
NO levels. These authors suggested a signal amplification process where the cell
membrane may be important in the bystander response and production of NO.

1.6.4 Signalling Molecules
It has been suggested that multiple signal transduction pathways are involved in radiation

induced bystander effects. Little et al. (2002) has reported stress related kinases, such as

lun N-terminal kinase (JNK) and p38 MAPK, were found to be associated with the effect.
Lyng et al. (2006) reported that JNK and extracellular signal-related kinase (ERK)
pathways had a role in the bystander signalling process. These authors showed that
following low LET irradiation, cells had increased levels of activated JNK and ERK
proteins. It was also shown that when the JNK pathway was blocked in bystander cells, a
decrease in bystander related apoptosis was observed. However, when the ERK pathway
was blocked an increase in bystander related apoptosis was observed. Azzam et al. (2002)
reported upregulation of proteins in the MAP kinase pathways in bystander cells. It was
found that activation of the MAP kinase pathways takes place in the cell membrane and
may occur as a result of direct interaction of the bystander signal within the cell membrane.
Zhou et al. (2005) and Hei (2006) reported that the use of the MAPK inhibitor (PD98059)
significantly reduced the bystander effect in normal human lung fibroblasts. The activation
of these pathways is essential to the activation of cyclooxygenase-2 (COX-2) (mediates
cellular inflammatory process). When COX-2 was suppressed by NS-398 inhibitor, mutant
yield was reduced by 6 fold. Furthermore, Lorimore et al. (2008) observed increased
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bystander effects in the descendents of normal murine haernatopoietic clonogenic stem
cells exposed to macrophage conditioned medium derived from total body y irradiated
mice. These findings suggest that the inflammatory process could be a possible mediator of
the bystander effect.
Zhou et al. (2008) demonstrated a role of NFKB and mitochondrial function associated
with radiation induced bystander effects. Two human fibroblast cell lines, either containing
mitochondrial DNA (mtDNA) (p+) or lacking mtDNA (pO) were exposed to a lethal 20 a
particle dose. A higher mutation rate in directly irradiated and bystander po cells was
observed. However, mixing cultures and targeting only one population, a decrease in
mutagenesis in both p+ and pO unirradiated cells was observed. Following the addition of
the NFKB inhibitor, Bay 11-7082 and NO scavenger, cPTIO, mutation frequency was
significantly reduced in both po and p+ cells. NFKB activity, COX-2 and inducible NO
synthase (iNOS) levels were lower in unirradiated po cells. NFKB directly controls gene
expression of COX-2 and iNOS. These authors suggest po cells are most susceptible to
damage due to loss of their molecular components. Other signalling molecules may also be
involved in radiation damage in po cells. These results demonstrate that the COX-2/
NFKBINO pathway is critical for radiation induced bystander effects in functional

mitochondria.
As yet the exact nature of the bystander factor is not known but as there are many
candidates and proposed mechanisms for its transmission. It would appear likely that not
just 'one' particular molecule/ signal is responsible; instead a family of factors are
involved.
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1. 7 Mitochondria
Radiation damage incurred by nuclear DNA (nDNA) is well documented and interest is
increasing in the properties of 'bystander' factor(s) and their ability to induce radiation-like
damage in cells never exposed to radiation (Mothersill and Seymour, 2004, Prise et ai.,
2005). 'Bystander' factors and direct low-LET radiation effects on the mitochondria, and
more particularly the mitochondrial genome are less well understood.
The mitochondrial genome of the mammalian cell is the only other location of genetic
material outside of the nucleus. Although the genome encompasses a minute fraction of the
total genetic material in a cell (0.5-1 %), any damage or alteration to it can still have
serious implications for a cell's viability and/or survival. MtDNA can replicate
independently of the nucleus but still depends largely on the nucleus for the regulation of
replication, transcription, translation and regulatory factors. Holmuhamedou et al. (2003)
showed that despite depletion of mtDNA from a human T-cell leukaemia cell line, the
mitochondria still replicated although with morphological and respiratory functional
changes. Cytochrome c oxidase (COX) activity decreased by 88 %, associated with the
loss of the mitochondrial encoding genes. However, nuclear encoded genes such as citrate
synthase (CS) remained unchanged and mitochondria were morphologically distorted but
still retained their scaffolds. This indicates that both genomes are involved in
mitochondrial division and even in the absence of mtDNA the nucleus can take control and
work independently.
Mitochondrial replication is initiated within an area of approximately 1Kb long known as
the displacement loop (D Loop) region. It is a double strand structure in which a nascent
heavy (H) strand DNA segment remains annealed to the parental light (L) strand. These
two strands can be distinguished by their O/T content. This region is non-coding and is
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very variable and prone to mutations. It contains several cis-acting elements and it is
within this region that the origins of replication and transcription are found (OH and OL).
The replication mechanism involves two distinct and separate origins, one on the H strand
(leading strand) and one which is found about two thirds from the leading strand on the L
strand (lagging strand). During replication, if a mutation occurs at the replication site this
can result in destabilization and depletion of the mtDNA. The mtDNA polymerase
machinery possesses limited proof reading and repair mechanisms (Larsen et al., 2005)
making the peculiarity of the mitochondrial genome one reason why there is a 10-20 fold
greater mutation rate than in the nuclear genome (Gray, 1999). Incomplete mismatch repair
(MMR) and slipped strand mispairing (SSM) are seen as contributory factors of
mitochondrial genome instability (Bianchi et aI., 2001). However, as a consequence of
mtDNA multiplicity within a cell, the genome can survive up to 90 % damage depending
on tissue specificity through complementation of the remaining wild type (Rossingol et aI.,
2003).

Indeed, mtDNA is more prokaryotic in nature than eukaryotic, employing prokaryotic-like
codons and having no histone coat. Phylogenetic analysis indicates that they arose from an
endosymbiotic relationship between a glycolytic proto nucleated eukaryotic cell and an
oxidative bacterium that developed motility and endocytosis (Margulis, 1970, Anderson
and Kurland, 1999). Unlike nDNA, mtDNA is maternally inherited. It is a closed,
supercoiled, circular molecule, double stranded, 16,569 bp in size and has a molecular
weight of approximately 106 Da. It is incredibly compact with some genes overlapping
and is almost entirely made up of coding regions (Boore, 1999), increasing the potential for
any point mutation or deletions to have a subsequent phenotypic effect. There are
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approximately 2-10 copies of the mitochondrial genome per mitochondrion and therefore,
potentially several thousand genomes per cell i.e. polyploid (Morel et al., 1999). Through
evolution there has been a reduction in mitochondrial genome size as a result of the
transfer of genes to the nucleus (Anderson and Kurland, 1999). The mitochondrial genome
is controlled by approximately 1,500 genes with the majority of these under nuclear control
(~

99 %) and only 37 encoded by mtDNA. These include the l3 enzyme subunits that

make up part of the oxidative phosphorylation (OXPHOS) chain, as well as 22 tRNAs and
2 rRNAs (12S and 16S) that are sufficient to enable independent translation of these 13
encoded polypeptides. The nucleus encodes the majority of mitochondrial proteins and
mitochondrial import proteins (Kowald, 1999). The inner mitochondrial membrane folds to
form cristae (see figure 1.2 for an illustration of mitochondrion membrane structure). In
contrast to the outer membrane the inner membrane is almost 70 % protein. These proteins,
present in the inner membrane, have enzymatic and/or transport capacities (Dyall and
Johnson, 2000).

1.8 Oxidative Phosphorylation
The mitochondrion is the 'power house' of the cell providing the majority of energy in the
cell through OXPHOS. This OXPHOS pathway consists of five enzyme complexes made
up of approximately 87 polypeptides: Complex I (ubiquinone oxidoreductase), which is the
largest complex containing at least 36 subunits in humans (Triepels et al., 2001) of which 7
are encoded by mtDNA (ND1, 2, 3, 4, 4L, 5 and 6), complex II (succinate: co-enzyme Qoxidoreductase) containing 4 subunits which are entirely nuclear encoded, complex III
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Mitochondria Structural Features

Figure 1.2: Illustration of the unique structure of the mitochondrial membranes (taken from
http://m icro. magnet.fsu.ed u/cells/m itochond ria/mitochond ria.htmJ )
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(ubiquinol-cytochrome c oxidoreductase) containing 11 subunits of which 1 is encoded by
mtDNA (cyt b), complex IV (cytochrome oxidase) containing 13 subunits of which 3 are
encoded by mtDNA (COl, II and III) and complex V (adenine triphosphate (A TP)
synthase) which contains 16 subunits of which 2 are encoded by mtDNA (A TP6 ad A TP8).
The electron transport chain (ETC) is made up of complexes I-IV. The ETC and complex

V are involved in the majority of A TP production through OXPHOS (see figure 1.3 for a
schematic illustration of the five enzyme complexes which make up the OXPHOS system).
During this process protons are pumped out of the mitochondrial matrix by ETC enzyme
complexes I, III and IV and a proton gradient is formed across the inner mitochondrial
membrane. The protons re-enter the matrix via complex V (ATP synthase) and the energy
from the dissipation of the proton gradient is coupled to A TP synthesis. The more tightly
coupled OXPHOS is, the more efficient A TP is generated with a minimum amount of heat
produced, while the opposite occurs if efficiency in this system is reduced. This is a typical
feature of the first reported metabolic disorder leading to the myopathy Luft's disease. Rolf
Luft, who leant his name to the disease first observed in a thin girl with a massive appetite,
who complained of overheating, eventually determining that her muscle mitochondria were
almost entirely uncoupled (Luft et a!., 1962).
All of these complexes are found embedded in close proximity in the inner mitochondrial
membrane and thus in close proximity to the mitochondrial genome in the matrix. During
OXPHOS, 90 % of cellular oxygen is consumed (Karthikeyan et a!., 2005). However, as
electrons are passed from complex to complex in the ETC; like any biological system, it is
not 100 % efficient, and electrons are periodically lost into the matrix. These electrons may
interact with molecular oxygen to form O 2 '- radicals which are converted into ROS. The
proximity of mtDNA to this potential source of highly reactive species and its lack of any
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histone coat renders it particularly susceptible to damage, even in 'normal ' conditions. It
has been estimated that the endogenous production of ROS within a typical human cell is
approximately 107 molecules/ mitochondrial per day under normal conditions (Singh,
2004). Complex II is entirely encoded by nDNA while complexes I, III, IV and V consist
of both nDNA and mtDNA encoded sub-units, and therefore any phenotypic effect of
mtDNA damage will manifest in this pathway. Indeed, alterations in the respiratory system
and mtDNA appear to be a typical feature in malignant cells (Carew and Huang, 2002).
The cytosol and mitochondria contain SOD, which removes free radicals and decreases
oxidative damage (Yoshida et a!., 2000). Damage accumulation within OXPHOS may be
caused for a number of reasons. It has been shown that y irradiation can damage coenzyme Q (Battino et aI., 1996). This damage can result in a decrease in electron transport
from complex I or II resulting in OXPHOS rates remaining low even when adenine
diphosphate (ADP) or 2,4 dinitrophenol (DNP) are added (Puchowicz et al., 2004).
Impaired Ca

2

+

accumulation has been shown to be a major factor in complex I deficiency

(Visch et a!., 2004). When complex I is inhibited it can cause the release of cytochrome c,
which triggers apoptosis within the cell (Higuchi et aI., 1998). Because complex I contains
a larger number of sub-units, this makes it more prone to damage. It has been calculated
that 23 % of OXPHOS deficiency is due to dysfunction within complex I (Loeffen et al. ,
2000) . Damage leads to OXPHOS dysfunction, which gives rise to defects in
mitochondrial A TP production and numerous disorders with the main affected tissues
being slow dividing ones such as skeletal muscle, the nervous system, heart and kidney.
Indeed, complex I dysfunction is one of the main causes of mitochondrial disease. Its
deficiency can result in disorders such as Parkinson's disease and Leigh's syndrome (LS)
(Almeida and Medina, 1998, Visch et a!., 2004, Palacino et al., 2004). Simonnet et al.

35

(2003) reported that complex I activity and protein content were significantly reduced in
renal oncoytomas benign tumours. An accumulation of mitochondrial mass, which is a
characteristic feature of these benign tumours, was also observed. These authors suggest
that deficiency in complex I could be a contributor to the initiation of mitochondrial
biogenesis to compensate for loss of OXPHOS function. Sugenaga et al. (2003) using
juvenile visceral streatosis (JVS) mice which display systemic cartinine deficiency
reported that activity of state 3 respiration using glutamate/ malate and succinate as
substrate sources had decreases of 47 % and 77 %, respectively. The content of
cytochrome a + a3, band c+cl were also reduced to 51 %,45 % and 79 % respectively. A
decrease of 35 % of ATP-(phosphate) Pi exchange activity was observed. However, a 3
fold increase in mitochondrial mass was observed which suggested this to be an energy
compensatory mechanism.
Indeed, Carew and Huang (2002) reported that malignant cells produce ATP through
aerobic glycolysis while benign tumours use approximately one third of this rate when
compared to malignant cells. It is believed that these cells use glycolysis as a source of
energy. This energy can be used to inhibit energy sensing enzymes such as adenine
monophosphate-activated kinase (AMP-K) and therefore prevent the activation of tumour
suppression genes such as p53 (Czarnecka et al., 2007). However, Matoba et al. (2006) has
suggested that both OXPHOS and glycolysis may be used in malignant cells. They propose
a role for p53 in mitochondrial respiration regulation. These authors found that when
glycolysis was inhibited in cancer cells, the cell still had an A TP supply. Moreover, p53
was shown to maintain a balance of OXPHOS and glycolysis by trans-activating the
synthesis of cytochrome c oxidase 2 expression which is required for complex II assembly.
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Murray et al. (2003) reported that peroxynitrite (ONOO-), a NS which is formed by the
reaction of Oi- with NO, could react with the mitochondrial membrane of bovine heart.
The activities of complexes I, II and V (50-80 %), with less effect in complex IV (20 %)
were significantly inhibited. No effect in complex III was observed. Further work on
ONOO- activity revealed that inhibition of complex I was a result of modifications on
ONOO- resulting in a 3 nitration of tyrosine (forming 3NT). These authors suggest that
modifications of complex I function may have a key role in the onset of diseases such
Parkinson's.
Kim et al. (2006) showed that mitochondrial dysfunction had a role in maintaining
oxidative stress. They report that the progeny of irradiated unstable Chinese hamster ovary
(CHO) OMI 0 115 clones displayed persistent increases in ROS. However, this was not due
to an increase in mitochondrial numbers or increases in mtDNA levels. A significant
decrease of state 3 respiration, manganese superoxide dismutase (MnSOD) activity,
cytochrome c oxidase (Complex IV) activity and increases in H2 0 2 levels were observed.
These authors concluded that alterations to the ETC, such as a gene mutation or altered
gene expression could inhibit oxygen uptake and an increase in ROS could inactivate
MnSOD, all of which are contributing factors in oxidative stress. Defects within individual
enzyme complexes are frequently reported in association with mitochondrial dysfunction.
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1.9 Mitochondrial Dysfunction in Ageing
Increasing evidence suggests that mitochondrial function may decline with age (Kowald,
1999, Greco et aI., 2003). Dufour and Larsson (2004) defined the ageing process as being
deleterious, progressive and an intrinsic phenomenon in an organism and all individuals
that do not succumb to accidental death. The ageing process has been associated with
increased ROS, mtDNA damage and respiratory chain dysfunction (Simonetti et aI., 1992,
Davies, 1995). Using a range of skin derived fibroblast cells from foetal development at 20
weeks to 103 year old patients, Greco et al. (2003) reported that inter-individual variation
in mitochondrial function occurred. However, when age groups were pooled, significant
decreases in mitochondrial protein synthesis, respiration rates and less efficient OXPHOS
were observed in individuals over 40 years of age. These authors also observed uncoupling
in individuals over 60 years and very high respiration rates in individuals over 90 years. It
was suggested that this high rate of respiration was not due to uncoupling respiration or
increases in mtDNA but instead due to a compensatory mechanism for a deficiency in
OXPHOS. There are reports of age related declines in primate mitochondrial OXPHOS
enzymes in skeletal muscle, liver and brain. This is associated with the accumulation of
somatic mtDNA rearrangements in these same post mitotic tissues (Melov et aI., 1995,
Wallace et at., 2005), with the observation that the skeletal muscle from individuals under
the age of 40 contain primarily intact mtDNA, whereas skeletal muscle of subjects over the
age of 50 show an accumulation of a wide array of mtDNA rearrangements (Zhang et aI.,
1998). A T414G mutation found at the PL replication site has been shown to accumulate in
the skin fibroblast cells of older individuals (Coskun et aI., 2003). Threshold levels also
appear to be related to the ageing process as Rossingol et at. (2003) reported that the
minimal decrease in complex I activity required to effect a loss of OXPHOS activity was
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80 % in 4 month old rats, though only 30 % in 8 month old rats. Nojiri et al. (2006)
examined heart and muscle specific MnSOD deficient mice as a model to determine if
oxidative stress was a contributory factor in the elderly popUlation that would subsequently
lead to heart failure. These authors showed that oxidative stress caused morphological
changes to mitochondria, an increase in superoxide formation, a decrease in A TP
production and alterations in gene expression. This led to progressive congenital heart
failure within these mice. Following the addition of the scavenger enzyme SOD, these
symptoms were significantly reduced indicating that oxidative stress was a contributory
factor to the progression of heart failure. Coskun et al. (2004) conducted a survey on
patients with Alzheimer's disease and reported that 73 % had an increase in mutation rates
within the control region of the mitochondrial genome. This was parallel to a 50 %
decrease in mtDNA copy number and L-strand ND6 transcript. Normal ageing mutations
and deletions are generally not of lethal frequency, affecting not more than 1 % of the
organelles (Kowald, 1999) but they do affect the efficiency of the mitochondria within
ageing individuals.

1.10 Impact of Mitochondrial Dysfunction on Nuclear DNA
It has been shown that 90 % of the mitochondrion is under nDNA control. Therefore, it is

not surprising that dysfunction within the mitochondria will have an impact on the nuclear
genome also. Flurry et al. (1976) were the first to show a 2-3 fold increase in nDNA
mutations when yeast cells were depleted of mtDNA. Gajewski et al. (2003) reported that,
under oxidative conditions when A TP is limited, the nucleus appears susceptible to A TP
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depletion, resulting in impairment in cell function and nuclear transport. This implies a
critical consequence of mitochondrial dysfunction on nDNA function. Furthermore,
Karthikeyan et al. (2005) has suggested that nuclear genome instability may relate to
chronic oxidative stress levels as a result of dysfunctional mitochondria. This may lead to a
number of nuclear changes resulting from increases in ROS, alterations in gene expression
or altered OXPHOS activity leading to a decrease in energy required for the basic need of
repairing chromosome damage or chromosome segregation.
Contradictory to observations by Flurry et al. 1976 who report depleted mtDNA could
induce nDNA damage, other authors report an opposite effect. Yoshida et al. (2000)
reported that 'Y radiation could induce a significant increase in MN formation and higher
levels of oxidative stress in p+ containing mtDNA cells, while pO cells lacking mtDNA,
showed radioresistance (Yoshida et ai., 2000). Tartier et ai. (2007) demonstrated that
mitochondrial function was required for radiation to induce p53 binding protein (53BP1)
foci (a member of BRCAIC-Terminal repeat family) in both directly irradiated and
bystander He La cells. This occurred regardless of whether the nucleus or cytoplasm was
targeted. It was shown that pO cells did not produce a bystander signal but could respond to
the signal from medium of p+ cells that had been previously exposed to direct irradiation or
bystander cells. Zhou et al. (2008) demonstrated a role for NFKB and mitochondrial
function in radiation induced bystander effects. Two human fibroblast cell lines, either p+
or pO were exposed to a lethal dose of 20 a particles. These authors report a higher
mutation rate in directly irradiated and contradictory, to Tartier el al. (2007) bystander po
cells also. However, if cultures were mixed and only one population targeted, a decrease in
mutagenesis in both p+ and pO un irradiated cells was observed. Following the addition of
the NFKB inhibitor, Bay 11-7082 and NO scavenger, cPTIO, mutation frequency was
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significantly reduced in both pO and p+ cells. NFKB activity, COX-2 and iNOS levels were
lower in unirradiated pO cells. NFKB directly controls gene expression of COX-2 and
iNOS. These authors suggested that pO cells are most susceptible to damage due to loss of
their molecular components. Other signalling molecules may also be involved in radiation
induced damage to pO cells. These results demonstrate that the COX-2/

NFKB/ NO

pathway is critical for radiation induced bystander effects in functional mitochondria.
Liu et al. (2002) demonstrated that an increase in gross chromosomal aberrations could be
observed when mitochondrial dysfunction was induced in one cell zygote mice exposed to
carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCC?) (FCC? can increase ROS
levels several generations later) and was preventable by the ROS inhibitor NAC.
A possible link between mitochondrial damage and its association with nuclear genome
damage has been reported using the human disease Friedreich's ataxia (FRDA) as a model.
The FRDA gene encodes for the protein frataxin which is located in the mitochondria and
is required to maintain mitochondrial iron homeostasis (Harding, 1981). This gene appears
to be essential for mitochondrial iron management and it has been reported that a knockout
of this gene in mice resulted in early embryonic lethality (Cos see et aI., 2000). Increased
levels of iron in the mitochondria can result in production of 02·-, H202 and ·OH. H 20 2 can
migrate to the DNA and cause nONA damage in the presence of iron. Deficiency in
frataxin protein leads to alterations in mitochondrial enzyme activities. Using a rheostable
system (growth in media with varying ratios of galactose and glucose, which control
frataxin expression) Karthikeyan et al. (2003) examined if alterations to frataxin
expression levels could influence nONA damage. Yeast cells were grown on galactose
which allowed sufficient frataxin protein for cells to retain mtDNA and remain grande.
When frataxin levels were reduced with a switch to glucose media, nuclear DSB damage
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was recorded even before mitochondrial damage (iron accumulation, mitochondrial protein
damage and mtDNA damage). This study indicates that mitochondrial dysfunction has an
impact on the nuclear genome, initiated by decreased levels of mitochondrial proteins.

1.11 The Mitochondrial 'Common Deletion'
A large deletion, 4,977 bp in size, which is also termed the 'common deletion' (CD), is the
most frequently reported deletion associated with mitochondrial damage. It is considered to
be a marker for ageing and mitochondrial damage generally (Simonetti et ai., 1992). This
large deletion eliminates more than 30 % of mtDNA, encompassing a region that encodes
all or part of the genes encoding 7 polypeptides and 5 tRNAs that make up parts of
complexes I, IV and V. The deleted region is flanked by two short 13 bp direct repeats at
positions nt 3,447 and nt 8,469 (Schon et ai., 1989, Shoffner et aI., 1989, Cortopassi et aI.,
1992, Porteous et ai., 1998) (see figure 1.4 for illustration of the CD location on the
mitochondrial genome). During replication, mispairing occurs and this can result in the
formation of a loop. The DNA strand is omitted during replication, hence resulting in the
deletion (Berneburg et aI., J 997, Ikushima et ai., 2002).
It was first detected in skeletal muscle of patients with Kearns-Sayre Syndrome (KSS); a

slow progressive maternally inherited neuromuscular disorder (Holt et aI., 1989). The CD
is also known to be elevated in Pearson's syndrome, which is a disease of the pancreas and
bone marrow (Pogozelski et aI., 2003). It is also found to be induced by X ray exposure
(Ikushima et aI., 2002). These authors found that a dose of X rays as low as 1 Gy could
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4,977 bp
Deletion

Figure 1.4: Schematic representation of the position of the common deletion found on
the human mitochondrial genome (mitochondrial genome structure taken from
www.columbiamitodiagnostics.org/overview.btml )
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induce the CD in immunodeficient mouse lung fibroblast cells, but after 7 days post
irradiation had decreased. Prithivirajsingh et al. (2004) reported significant increases in CD
levels in a range of normal! radiosensitive and transformed human cell lines 72 hours post
exposure to a 137CS source at doses ranging from 2-20 Gy. In addition, no dose response
relationship was observed to induce deletions and radio-sensitivity was inconsistent. Wang

et al. (2007) found using X ray irradiation on human hepatoblastoma (HepG2) cell lines,
that the CD was not detected at 2 Gy. However, the amount of deletion at 5 Gyand 10 Gy
was similar indicating a threshold level. Deletion accumulation was parallel with an
increase in mtDNA content 24-48 hours later. This suggests CD induction may be
associated with mtDNA replication. CD levels declined and were almost undetectable in
dying cells 10 days later, indicating that CD cells are eliminated using the cell death
mechanism. Exposure to H 2 0 2 could also induce its production, indicating a role of ROS in
the formation of the CD. Interestingly, these authors also report a novel 4,934 bp deletion
present 24 hours post X ray exposure. When tested it was also induced using y rays, a
particles and neutrons but unlike the CD it could not be induced via H2 02 treatment or in
Alzheimer's diseased brain tissue.
The 4,977 bp deletion has also been detected in UV A exposed skin (Berneburg et aI.,
1997). However, Koch et al. (2001) observed no increase in the amount of CD in human
keratinocytes following a single UV A dose; it was observed after three doses. They also
found on the fourth harvest of cells the CD had reached a level similar to the control.
These results suggest that the frequency of the CD is reduced over time in fast dividing
cells but increases in frequency in slowly dividing cells such as brain and muscle
(Ikushima et aI., 2002). Rogounovitch et al. (2002) has shown that radiation can induce
increased levels of the CD and mtDNA content, as was found in patients from the
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Chernobyl and Japanese nuclear accidents. CD frequency increases in cells undergoing
oxidative stress and chronic hypoxia (Merril et al., 1996). This can occur as a lack of
oxygen will result in a shift from aerobic to anaerobic metabolism, hence, decreasing the
overall level of ATP within the cell. ATP dependent processes may fail to function and this
in turn may increase the production of free radicals via electron transport system damage
and! or direct mtDNA damage. As a result the escalation of such mtDNA modifications
may induce the formation of the CD during mtDNA replication and maintenance function
(Merril et aI., 1996).
Carew and Huang (2002) demonstrated that the CD was present in both malignant and
normal breast tissue in a number of patients with breast abnormalities. Storm et al. (2002)
found that there was no difference in the distribution of the CD, in a range of individuals,
suggesting that it is not an age dependent event. However, many studies have found an
increase with age including Koch et al. (2001) who found an increase in frequency with
age after analyzing 30-78 year olds. Bua et al. (2006) detected increases in its frequency in
subjects ranging from 49-93 years. However, these authors reported a 10 fold loss of
complex II (COX) and complex IV (Succinate Dehydrogenase (SOH)) enzyme activity in
parallel with the abundance of a 7,664 bp mtDNA deletion. This suggests that other
deletions can also accumulate and trigger COX! SOH phenotypes.
MtDNA is long known to be maternally inherited (Woodward and Munkres, 1966).
Thayer et al. (2003) found the deletion present in an 8 month old child, containing no
mitochondrial diseases. This suggests the possibility of maternal transmission of this large
deletion. However, this group did not take into account the fact that a threshold level of CD
frequency is required before an effect will manifest (Chinnery et al., 2002). Gerhard et al.
(2002) using human fibroblast skin samples examined three age groups including foetal
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development (from 12-20 weeks), 17-33 year olds and 78-92 year olds to determine if the
CD was present. These authors reported that the deletion was present in all three groups
with the highest detection observed in the older group at 0.3 % of total mtDNA. However,
no point mutations were detected in either the D loop or cytochrome oxidase II regions.
These authors suggest that point mutations are not a normal event in the ageing process.
Mawrin et al. (2004) showed its accumulation associated with mtDNA aberrations,
implicated in the neuronal death of neurodegenerative disorders. Highest levels of
accumulation were detected in the frontotemporal region of the brain, while the lowest
levels were observed in the cerebellum, in patients with dementia, Parkinson's and
dementia with lewy bodies. This suggests its accumulation may be region specific.
There is however, increasing evidence that this CD, though frequent, is not necessarily
accumulating with age and several less 'common' deletions show accumulation with age
and/ or insult. These may represent better markers of mitochondrial stress (Bodyak et aI.,
2001, Pesce et aI., 2001). Damage accumulation remains a well established marker of
human ageing (Simonetti et al., 1992, Yen et aI., 1991, Meissner et ai., 1999), although
due to multiple copy number per cell most point mutations and deletions may accumulate
to a significant frequency in the mitochondria before an effect is manifest in the cell and/
or tissue.

1.12 Mitochondrial Mass
Mitochondria are found in nearly all eukaryotic cells. On average there are tens to
hundreds of mitochondria per cell with the amount correlating to the cells level of
metabolic activity. They replicate their DNA and divide mainly in response to energy
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needs rather than in phase with the cell cycle. Recent reports have shown that DNA
damaging agents cause alterations to mtDNA (Lee et al., 2005, Mancini et aI., 1997, Wang

et a!., 2007). ROS has been linked to an increase in mitochondrial mass (Limoli et a!.,
2003, Lee et aI. , 2005, Spodnik et a!., 2002). This appears to be a cellular response to
compensate for reduced mitochondrial function. Limoli et a!. (2003) reported that
chromosomally unstable human hamster hybrid clones (GMI0115) derived from single
progenitor cells had a 15 % increase in mitochondrial mass after exposure to ionizing
irradiation. These authors suggested that decreased mitochondrial function may well
trigger a compensatory response in cells that induce mitochondrial biogenesis. Malakhova

et al. (2005) found a significant increase in mtDNA copy number in post mitotic brain and
mitotically active spleen tissue of mice 24-72 hours post 3 Gy y irradiation. ROS have also
been shown to have a role in perpetuating bystander effects (lyer and Lehnert, 2000, Lyng

et a!., 2002). Wang et al. (2007) observed a 2-3 fold increase in mitochondrial mass and
4.4 fold in mtDNA in the progeny of HepG2 cells. Parental cells received an initial 2 Gy
insult of X radiation followed by a 0.5 Gy dose twice daily in the progeny thereafter. These
authors also suggested that the high levels of mtDNA may be a response mechanism to
cope with the daily exposure to radiation. Lee et al. (2005) showed an increase in
mitochondrial mass in human osteosarcoma 143B cells exposed to a high dose ofH20 2 . At
these higher doses mtDNA content was reduced drastically, while much lower doses of
H 2 0 2 resulted in a much higher mtDNA content. Weber et al. (2002) reported increases in
mitochondrial mass in mice with mitochondrial myopathy and in rats treated with the
hormone glucocorticoid. These authors conclude that this increase was to help compensate
for OXPHOS deficiency by facilitating oxygen uptake and A TP delivery to the cytosol.
Other chemicals have been found to cause an increase in mitochondrial mass and have
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been linked to mitochondrial damage. These include herbimycin A (Mancini et at., 1997),
geinstein (Pagliacci et at., 1993), taxol (Karbowski et at., 2001, Spodnik et ai., 2002),
aphidicolin (Xu et at., 1995), zidobudine (Cupler et ai., 1995), stavudine (Kamal and
French, 2004), mimosine and lovastation (Lee et ai., 2000).
An increase in mitochondrial proliferation occurs frequently in aged individuals in whom
defective respiratory chain activity is typical, resulting from mtDNA depletion and the
progressive accumulation of mtDNA mutations and I or deletions (Lee et ai., 2005). Xia et

at. (1997) reported that electrical stimulation could elevate mRNA levels of the nuclear
encoded cytochrome c oxidase subunit Va in cardiomyocytes. This was in parallel with an
increase in the mass and metabolic activity of the mitochondria. These authors suggest that
mitochondrial proliferation was induced due to an increase in energy demand of the cell.
Lee et ai. (2000) suggested that to repair and eliminate damage of cellular components, the
energy demand must be increased. This can be achieved by inducing mitochondrial
proliferation and mtDNA replication thereby increasing more efficient mitochondria.
However, if the damage is irreparable or has been sustained long term then mitochondria
may trigger extracellular or extra-mitochondrial stress signals which will drive the cell into
PCD. Simmonet et ai. (2002) reported an almost 5 fold increase in CS activity correlating
with tumour aggressiveness in patients suffering from renal cancer. CS is a quantitative
marker attributing to changes to mitochondrial mass. These results were in parallel with a 7
fold increase in complex IV activity. However, complex II, III and V activity were only
slightly increased. These authors suggested that an increase in mitochondrial mass
compensates for an overall decrease in ATP reduction through OXPHOS. However,
Savanger et ai. (2001) demonstrated that oxygen consumption rates were defective despite
increases in mitochondrial mass in oncocytoma thyroid oxphilic tumours.
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1.13 Mitochondrial Diseases
The mitochondrial genome and more precisely the damage it accumulates provides for a
useful marker of effects of many stress factors and disease types. Small deletions and point
mutations found in tRNA, rRNA or protein encoding genes can cause numerous defects
within an individual (Figure 1.5) (Seyrantepe and Topaloglu, 2000). These mutations may
alter other complexes and hence cause a disruption within OXPHOS which could result in
a shift from aerobic to anaerobic respiration. However, direct evidence for this has still to
be presented (Czarnecka et aI., 2007). Luft et al. (1962) were the first authors to report
mitochondrial dysfunction associated with a human myopathy. This metabolic disorder
arose from uncoupling of OXPHOS, resulting in hypermetabolism in skeletal muscle. By
1989 Holt et al. had reports of a large mitochondrial deletion associated with human
myopathy, spanning a much greater interest in the role of mitochondrial dysfunction in
human diseases. Populations of mtDNA contain a mixture of wild type and mutant DNA
and are randomly distributed to daughter cells during cell division. Over time the
proportion of mutant mtDNA within the cell can vary and may drift towards either
predominately mutant or wild type. The percentage of mutant DNA determines the energy
efficiency within the cell. This is a key factor in the onset of mitochondrial diseases i.e. a
threshold level of a particular genotype must be reached before a phenotype effect is
expressed. Furthermore, threshold levels vary from tissue to tissue, with higher energy
demand tissues having a lower threshold level such as muscle and nervous tissue. This
explains why most mitochondrial diseases occur in these tissues.
Many point mutations in the mitochondrial genome are associated with severe disorders,
such as the mutation A32430, inducing mitochondrial encephalomyopathy and lactic
acidosis with stroke-like episodes (MELAS) (Ooto et aI., 1990, Shanske et aI., 1993). This
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Figure 1.5: Illustration of the human mitochondrial genome indicating the location of mutations
associated with mitochondrial myopathies. (www.columbi3mitodiaguostics.org/overview.html).
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is a heteroplasmic tRNA Leu(UUR) mutation and the frequency of the mutated mtDNA
determines the severity of symptoms. Symptoms of this disease include seizures, episodic
vomiting and repeated cerebral insults resembling strokes and causing hemiparesis,
hemianopsia or cortial blindness. This mutation has also been identified in patients with
progressive external ophthalmoplegia (PEO), diabetes mellitus and deafness. The
phenotype is a reflection of the mutant load and distribution ofheteroplasmy.
A8344G mutation induces myoclonic epilepsy with ragged-red fibre (MERRF) (Zeviani, et
aI. , 1991 and Silvestri et aI., 1993). This is again a heteroplasmic mutation within the

tRNA Lys coding region inhibiting mitochondrial protein synthesis and producing loss of
OXPHOS. Symptoms of this disease include myoclonus epilepsy, mental deterioration,
ataxia, intention tremor and muscle atrophy (Larsson and Clayton, 1995). The threshold
level of this mutation for symptoms to be manifest is approximately 90 % in muscle tissue
(Graff et aI., 2002). Most mitochondrial disorders are similarly peculiar due to the fact that
a tRNA is affected which should in theory affect all mitochondrial transcription equally,
but symptoms are defined and specific depending on which tRNAs are affected
(Mehndiratta et aI., 2002). These maternally inherited mitochondrial diseases show
cytoplasmic segregation when present in heteroplasmic mixtures. A person with a mixture
of normal and abnormal mitochondria can have cells with widely differing ratios from
none to mild to severe expression because of the cytoplasmic segregation (Rossignol et aI.,
2003).
Carew and Huang (2002) confirmed that 74 % of breast cancer patients surveyed had a
somatic mutation in the D loop region of mtDNA. It has been shown that such mutations
are associated with diseases such as Lebers hereditary optic neuropathy (LHON) disease
(Hwang et ai., 2001). This is a maternally inherited disorder affecting complex I genes. It
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causes blindness in young men and there may be additional symptoms such as cardiac
conduction defects, neurological defects and occasionally multiple sclerosis (MroczekTonska et aI., 2003). There are three common LHON mutations G3460A, G 11778A and
T14484C and these mutations are typically homoplasmic when present (Graff et aI., 2002).
Chronic myelogenous leukaemia is another mtDNA mutational disease. This occurs by
duplication of mtDNA in the form of unicircular dimers, with the two molecules joined
head to tail (Larsson and Clayton, 1995). A mutation in the complex V gene A TP6
(T8993C) was first reported in a family with neurogenic muscle weakness, ataxia and
retinitis pigmentosa (NARP) and later in a family with Leigh syndrome (LS). This
mutation induces progressive encephalopathy mainly affecting infants. LS is characterised
by bilateral necrosis of the striatum, rather than a specific disease. It may be caused by
both nDNA and mtDNA mutations associated with inefficient energy metabolism. No
respiratory chain deficiency has been found in the muscle of affected patients, although the
level of mutated mtDNA is high. NARP and LS patients have symptoms involving the
central nervous system (CNS) (Larsson and Clayton, 1995).
MtDNA damage has also been associated with many tumour types and stress factors, such
as Warthin's tumour in the salivary glands (Lewis et aI., 2000), radiation-associated
thyroid tumours (Yeh et aI., 2000 and Rogounovitch et aI., 2002), hepatocellular
carcinoma (Yin et aI., 2004), bladder cancer (Chen et at., 2004), breast cancer (Carew and
Huang, 2002), squamous-cell carcinoma (lshizaki, 2004), renal cancers (Simonnet et aI.,
2002,2003), cervical cancer (Sharma et a!., 2005) and UVA-induced damage (Koch et ai.,
2001).
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1.14 Project Aims
In this project cells were either directly exposed to y-irradiation or to medium from
irradiated cells (ICCM) and mitochondrial function was investigated using biochemical
and molecular techniques.
•

Oxygen consumption rates and functionality of individual enzymes of OXPHOS of
mitochondria were measured using polarography and enzyme kinetic assays,
respectively.

•

Mitochondrial protein synthesis was investigated to establish if treated cells could
assemble their full compliment of mitochondrially encoded polypeptides

•

Mitochondrial mass and mitochondrial genome frequency was examined to
determine any variation and whether they were in tandem.

•

Point mutations were investigated using single strand conformation polymorphism
(SSCP) analysis. This method can detect single base pair differences between two
short single strand DNA molecules.

•

The induction of small deletions or insertions was investigated using restriction
fragment length polymorphism (RFLP) analysis.

•

PCR analyses were carried out to establish if the 4,977 bp common deletion and
other large deletions were present on the mitochondrial genome as a result of DNA
strand mis-pairing
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Chapter 2: Materials and Methods
2.1 Cell Culture
Two cell lines were used in this study. They were a human keratinocyte epithelial cell line
(HPV -G) derived from human neonatal foreskin transfected with the HPV 16 virus (Pirisi

et ai., 1988), supplied as a kind gift from Dr. 1. Di Paolo (NIH, Bethesda, MD). It is p53
null due to the expression of E6 protein by the virus. Approximately 70 % of the p53
function is eliminated. These cells display contact inhibition and GJIC. The second cell
line used was CHO-K 1, a spontaneously transformed Chinese hamster ovarian cell line
obtained from the European Collection of Cell Cultures (ECACC) (Kao and Puck, 1968).
Both cell lines have an established bystander response and have been used previously as
reporter systems in this field. The HPV-G cells were maintained in Dulbecco's Modified
Eagle Nutrient Mixture (DMEM)/ F12 (Sigma, Dorset, UK), supplemented with 10 %
fetal calf serum (FCS) (Gibco, Biocult Irvine, Scotland), 20 mM L-glutamine (Gibco), 1 U
/ml penicillin/ streptomycin (Gibco) and 1

~g/

ml hydrocortisone (Sigma). The CHO-Kl

cells were maintained in Ham's Nutrient Mixture, F12 (Ham) (Sigma), supplemented with
12 % FCS (Gibco), 1 U/ ml penicillin/ streptomycin (Gibco), 20 mM L-glutamine (Gibco)
and 25 mM HEPES buffer (Gibco). Both cell cultures were maintained in an incubator at
37°C, 5 % CO 2 and 95 % humidity. Subculture was routinely carried out for each cell line
in a sterile N u~ire biological safety cabinet. Attached cells were washed with phosphate
buffered saline (PBS) solution (147 mM NaCI, 3 mM NaH2P04 , 8 mM KH2 P04 ), cells
were enzymatically detached from the culture flasks with a 0.2 % (v:v) solution of trypsin
supplemented with Ca2+ and Mg2+ free Hanks Balanced Salts Solution (HBSS)/ Versene
(0.5 mM EDTA/ PBS) to make detaching conditions less harsh. When cells detached, they
were resuspended in supplemented medium (to deactivate the trypsin) (as outlined above)
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and gently aspirated to produce a single cell suspension. Cells were either counted using a
coulter counter Z2 (model DN)(Beckman) and plated at a density of 5 x 10 5 cells per T25
Nuclon™ flask (Nunc Inc, Uden, The Netherlands) containing 5 ml of medium (for ICCM
production, see section 2.2.2) or 1-5 ml of the single cell suspension was plated into either
a six well plate (Nunc) containing 2 mls of medium, T25 flask containing 5 mls of medium
or T75 Nuclon™ flasks (Nunc) containing 20 mls of medium and maintained until 70-80
% confluent.

2.2 Cell Exposure to Direct Irradiation and Irradiated Cell
Conditioned Medium
2.2.1. Direct Irradiation
Subculture was carried out and an equal number of cells were grown to 70-80 %
confluency in T75 flasks (polarography, enzyme kinetics and mtDNA molecular analysis)
or T25 flasks (mitochondria mass analysis) or six well plates (mitochondrial protein
synthesis analysis). Three replicates of each cell line were set up. Cells were either sham
irradiated or directly irradiated with a dose of either 5 mGy, 0.5 Gy or 5 Gy'Y radiation at
room temperature using a Cobalt 60 teletherapy unit (St. Luke's Hospital, Rathgar,
Dublin). The dose administered from this unit is a function of the distance of the source
from the culture flask! object, dose rate and size of radiation field. The standard distance
from source to skin/ flask (SSD) is 80 cm, but in this study flasks were irradiated at a
distance of 100 cm (for 0.5 Gy and 5 Gy) from the source, using a 30 x 30 cm field size
and 170 cm (for 5 mGy) from the source and a correction factor of 1.095 was applied for
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the larger field size. With these conditions the dose rate was approximately 1.8 Gy/ min
(for 0.5 and 5 Gy) or 0.4 Gy/ min (for 5 mGy). The flasks were returned to the incubator
immediately after irradiation and maintained in normal cell culture conditions for analysis
4-96 hours later. Controls were sham irradiated and similarly returned to the incubator for
analysis 4-96 hours later.

2.2.2 Cell Exposure to Irradiated Cell Conditioned Medium
Cells were grown to 70-80 % confluency in T75 flasks. Subculture and a cell count were
carried out as described in section 2.1. Triplicate donor flasks were plated with cell
numbers of approximately 5 x 105 per 5 ml medium in T25 flasks 6 hours before
irradiation. Cells were irradiated as described in section 2.2.1. Flasks were returned to the
incubator immediately after irradiation. Medium was removed from each irradiated donor
flask one hour after irradiation. Earlier studies confirmed the presence of bystander
factor(s) in culture medium as soon as 30 minutes after irradiation and 1 hour was
identified as optimal for bystander factor retrieval (Mothersill and Seymour, 1998). The
medium was filtered through a 0.22 ).tm sterile syringe filter (Anachem) to ensure no cells
or debris was present in the transferred medium. This donor medium generated as
described in this section is known as Irradiated Cell Conditioned Medium (lCCM) (Figure
2.1). The ICCM was then either stored at -20°C and used at a later date or transferred to
unirradiated recipient flasks/ plates at 70 % confluency: six well plates for mitochondrial
protein synthesis analysis, T25 flasks for mitochondrial mass analysis or T75 flasks for
polarographic, enzyme kinetics and mtDNA molecular analysis (T75 recipient flasks
received ICCM from 3 x T25 donor flasks). These ICCM recipient flasks were then
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Cell Exposure Regime

Irradiated Cell Culture Medium (ICCM) is
filter sterilised and transferred to a flask of
previously unirradiated cells
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Figure 2.1: Schematic representation of the medium transfer method using "( irradiation.
Cells are irradiated, the medium is removed, filtered and tranfered onto unirradiated cells.
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returned to the incubator immediately and maintained in normal cell culture conditions for
analysis 4-96 hours later. Controls were exposed to filtered medium from sham-irradiated
cells. Control cells were similarly harvested 4-96 hours later.

2.3 Mitochondrial Function
2.3.1 Polarography
2.3.1.1 Clarke-Type Oxygen Electrode
A Clarke-type oxygen electrode (Dual Digital, model 20) and associated software (Pico)
was used to measure the oxygen consumption rates of mitochondria in whole cell fractions.
The upper chamber was secured to the lower electrode assembly with a screwed ring and
both were separated by a thin Teflon membrane. An adjustable stopper was used to seal
the reaction chamber and prevent oxygen from entering during the experiment. A small
microlitre syringe allowed reagents to be added and the contents of the chamber were
stirred continuously with a magnetic flea. A small voltage was applied between the silver
anode and platinum cathode. Oxygen diffused through the Teflon membrane and was
reduced to water at the platinum cathode. This current was proportional to the oxygen
concentration in the chamber and a pre-calibration of mvoltage to zero and 'saturated'
oxygen content permitted precise quantitative monitoring of oxygen consumption over
time.
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2.3.1.2 Polarography Procedure
The reaction chamber was maintained at 30°C through out each experiment. The chamber
was washed thoroughly with distilled water (dH 20) before and after use. 400 III of oxygen
electrode buffer (OE buffer) containing 0.3 M sucrose, 5 mM MgCh, 10 mM KC1, 10 mM
KH2P04, pH 7.4, was added to the chamber. This was followed by 25 III of single-cell
suspension, containing 3-5 x 106 cells. 10 III 1 M succinate was added as an energy source.
Digitonin was added to the chamber to selectively permeabilise cell membranes, and not
mitochondrial membranes. A range of digitonin concentrations were tested for each cell
type to standardize the method. It was found that 7 III of 1 mg/ ml digitonin per 1 x 106
cells was sufficient to permeabilise the cell membrane in CHO-Kl cells and 5 III of 1 mg/
ml digitonin per 1 x 106 cells was sufficient to permeabilise the cell membrane in HPV-G
cells.

2.3.1.3 Inducing State 4, State 3 and Uncoupled Respiration
10 III of 10 11M ADP was added to induce state 3 respiration (active respiration). Once all
ADP was exhausted, the respiration rate within the cells was considered state 4 respiration.
10 III of 10 mM 2, 4-dinitrophenol (DNP) was then added to dissipate the MMP and induce
uncoupled respiration.

2.3.1.4 Oxygen Consumption Rate Measurements
400 11M KCN was added to the chamber to establish the percentage of cellular oxygen
consumption resulting from OXPHOS. Cellular oxygen consumption rates of respiration
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were calculated for CHO-Kl and HPV-G cells and expressed as nanomoles (nM) atomic
oxygen (0) per minute per 1 x 106 cells. One ml of OE buffer was estimated to contain 406
nM of atomic 0 at 30°C (Reynafarje et al., 1985). State 4, state 3, uncoupled respiration
and the ratio of state 3/ state 4 which is termed the respiratory control index (RCI) were
calculated.

2.3.2 Enzyme Kinetics
2.3.2.1 Preparation of Disrupted Cell Samples
Following cell harvesting (section 2.2), cells were resuspended in DMEM F12 or Ham's
Nutrient Mixture (FI2) medium and centrifuged at 1,000 x g for 5 minutes. The
supernatant was discarded and the pellet resuspended in PBS solution to wash the cells.
The solution was centrifuged at 1,000 x g for 2 minutes. The supernatant was discarded
and the pellet containing intact cells was resuspended in 10 % glycerol! PBS solution and
freeze thawed three times to rupture the cell membranes. Resulting disrupted cell fractions
were then stored in a freezer at - 20°C until required.

2.3.2.2 Protein Quantification
Protein concentration was determined using a modified method of that employed by
Bradford (1976). A HeAios y spectrophotometer (Thermo Electron Corporation) was used
to determine protein concentration for absorbance at wavelength 595 nm (AS9S). 990 III of
Bradford assay solution (Sigma) and 10 III dH20 was used as a blank. A standard graph of
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AS9S was produced using a series of bovine serum albumin (BSA) standards (l0 III of BSA
standards (0.2, 0.4, 0.6, 0.8 and 1 mg/ ml) and 1 ml of Bradford Solution), so that test
samples could be deciphered from the graph. }0 III sample was added to 990 III of Bradford
solution. The reaction was maintained at room temperature (RT) for 5 minutes prior to
recording absorbance at wavelength 595 nm (AS9S). Protein concentration was determined
by comparing recordings to the standard curve. All samples were calculated as mg total
cell protein/ ml.

2.3.2.3 Complex II-III Analysis
Enzyme activity of complex II-III was measured following techniques described by James

et al. (1996) with minor modifications. The measurement of complex II-III activity is
based on the following catalysed reaction: Succinate + Oxidised cytochrome C => Malate

+ Reduced cytochrome C (where the reduction of cytochrome c is measured
spectrophotometrically by recording Msso). A disrupted cellular fraction was prepared for
enzyme assay as described in section 2.3.2.1. The reactions were placed in a 200 III
cuvette. Reaction mixtures contained 100 1112 x complex II-III buffer (l00 mM KH2P04,
0.2 mM EDTA, pH 7.4), 10 III 0.5 M Succinate, 10 III 40 mM KCN, 10 III 0.8 mM
Rotenone and }0 III mitochondria} protein sample (20-200 Ilg), which was added last. The
reaction mixture volume was brought to a final volume of 190 III using dH 20. The cuvette
was pJaced in a thermostatically controlled He/dos y spectrophotometer, maintained at
30°C for 5 minutes prior to the addition of }0 III 2 mM oxidized cytochrome c to initiate
the reaction. Absorbance was recorded at wavelength 550 nm (Asso). Observed enzyme
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function rates were confirmed as being complex II-III activity by the addition of 1.5 III 100
Ilg/ ml myxothiazol (see table 2.1 for a list of each enzyme complex inhibitor).

2.3.2.4 Complex IV Analysis
Enzyme activity of complex IV was measured following techniques described by James et

al. (1996) with minor modifications. The measurement of complex IV activity is based on
the following catalysed reaction: Reduced Cytochrome C + Y2 O2 + 2H ++ 2e- => Oxidised
Cytochrome C + H 20

(where the oxidation of Cytochrome C

is measured

spectrophotometrically by recording MS20)' A disrupted cellular fraction was prepared for
enzyme assay as described in section 2.3.2.1. The reactions were placed in a 200 III
cuvette. Reaction mixtures contained 100 III 2 x complex IV buffer (400 mM Tris, 20 IlM
EDTA, pH 7.5), 10 III 0.8 mM Rotenone, 10 III

12 11M

Antimycin Al and 10 III

mitochondrial protein sample (20-200 Ilg), which was added last. The reaction mixture
volume was brought to a final volume of 190 III using dH 20. The cuvette was placed in a
thermostatically controlled HeAios y spectrophotometer, maintained at 30DC for 5 minutes
prior to the addition of 10 III of 2 mM reduced cytochrome c to initiate the reaction.
Absorbance was recorded at wavelength 520 nm (As2o). Observed enzyme function rates
were confirmed as being complex IV activity by the addition of 10 III 40 mM KCN (see
table 2.1 for a list of each enzyme complex inhibitor).
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Table 2.1: Enzyme inhibitors used in enzyme kinetic assays

I

Rotenone

II-III

Myxothiazol

IV

KeN

V

Oligomycin

63

2.3.2.5 Complex V Analysis
Enzyme activity of individual complex V was measured following techniques described by
James et al. (1996) with minor modifications The measurement of complex V activity is
based on the following reversible catalysed reaction: A TP => ADP + Pi. This cannot be
directly measured spectrophotometrically and therefore requires the coupling of this
reaction to two fUlther enzyme reactions that can be measured in this way: ADP +

Phosphoenol Pyruvate => ATP + Pyruvate (catalysed by Lactate Dehydrogenase);
Pyruvate + NADH => Lactate + NAD (catalysed by Pyruvate Kinase) (where the activity
of A TP synthase is indirectly determined by measuring the oxidation of NADH through
~A340).

Only components highlighted in italics were added permitting the product of ATP

synthase to determine the rate of Lactate Dehydrogenase (LDH) activity and subsequently
determine Pyruvate Kinase (PK) activity.
A disrupted cellular fraction was prepared for enzyme assay as described in section 2.3.2.1.
The reactions were placed in a 200 ).ll plastic cuvette. Reaction mixtures contained 2 x
complex V buffer (200 mM Tris, 100 mM KCI, 4 mM MgCb, 0.4 mM EDTA, pH 8), 10 ).ll
2.5 mMNADH, 10 ).l150 mM MgATP, 2 ).l12000 U/ ml PK, 111110,000 U/ ml LDH, 10).l1
40 mM KCN, 10 ).ll 0.8 mM Rotenone, 10 III 100 11M Antimycin Al and 10 III
mitochondrial protein sample (20-200 ).lg), which was added last. The reaction mixture
volume was brought to a final volume of 190 III using dH 2 0. The cuvette was placed in a
thermostatically controlled HeAios 'Y spectrophotometer, maintained at 30°C for 5 minutes
prior to the addition of 10 ).ll of 20 mM Phosphoenol Pyruvate (PEP) to initiate the
reaction. The mixture was recorded at absorbance 340 nm (A340). Absorbance was
observed until no fluctuation was seen (MgA TP contains a small amount of ADP;
therefore any fluctuation observed is ADP conversion to ATP). Observed enzyme function
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rates were confirmed as being complex V activity by the addition of 1.5

~l

1 mg/ ml

oligomycin (see table 2.1 for a list of each enzyme complex inhibitor).

2.3.3 Mitochondrial In Organello Protein Synthesis
2.3.3.1 Incorporation of Biotinylated Lysine in Nascent mtDNA-Encoded Proteins
Mitochondrial protein synthesis was carried out to assess the ability of mitochondria to
assemble their full compliment of mitochondrially encoded polypeptides (Table 2.2).
CHO-Kl and HPV-G cells were grown in six well plates until 70 % confluent. Cells were
treated with direct irradiation or ICCM and harvested 4-96 hours as described in section
2.2. Mitochondria were resuspended in PBS buffer with the addition of 50 mM Succinate,
20 mM ADP, 133

~M

amino acid mix (minus lysine), 1 mg/ ml cycloheximide and 1

~l

biotinylated tRNA-Iys solution (Promega). Biotinylated lysine residues are incorporated
into nascent proteins during translation. This biotinylated lysine was added to the
translation reaction as a pre-charged, E-Iabeled biotinylated lysine-tRNA complex, rather
than a free amino acid. This allowed the synthesised biotinylated proteins to be visualised
by binding Strepavidin-Horseradish Peroxidase (HRP), followed by chemiluminescence
detection. A time course was initially carried out using control cells in the reaction mixture
to optimise label incorporation at 37°C using time intervals ranging from 10 minutes until
24 hours. Two hours was found to be optimal.
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Table 2.2: Mitochondrial encoded polypeptides including name, abbreviation,
genome position and molecular weight (www.mitomap.org)

NADH dehydrogenase
Subunit 5

ND5

12337-14148

66,600

Cytochrome C oxidase
Subunit 1

COl

5904-7445

57,000

NADH dehydrogenase
Subunit 4

ND4

10760-12137

51,400

Cytochrome C

CYB

14747-15887

42,700

NADH dehydrogenase
Subunit 2

ND2

4470-5511

38,900

NADH dehydrogenase
Subunit 1

NDI

3307-4262

35,600

Cytochrome C oxidase
Subunit 3

C03

9207-9990

30,000

Cytochrome C oxidase
Subunit 2

CO2

7586-8269

25,500

ATP synthase FO
subunit 6

ATP6

8527-9207

24,800

NADH dehydrogenase
Subunit 6

ND6

14149-14673

18,600

NADH dehydrogenase
Subunit 3

ND3

10059-10404

13,200

NADH dehydrogenase
Subunit4L

ND4L

10470-10766

10,700

ATP synthase FO
subunit 8

ATP8

8366-8572

7,900
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2.3.3.2 Termination of Biotinylated-Lysine-tRNA Incorporation and
Preparation of Mitochondrial Sample
The termination of biotinylated lysine incorporation into nascent proteins was achieved by
a 'cold chase'. This involved the addition of 10 III of 1 M lysine to the reaction mixture
D

maintained at 37 C for 5 minutes. Cells were then rinsed twice in PBS buffer, followed by
the addition of 500 III of PBS buffer to each well. Cells were scraped from the plate
surface using a cell scraper (Nunc) and the suspension transferred to an eppendorf tube.
Cells were centrifuged at 2,000 x g for 4 minutes. The supernatant was removed and the
cells resuspended in 40 III PBS buffer. 5 III sample was added to 995 III of Bradford
solution and a Bradford assay was performed as described in section 2.3.2.2. 10 III 5 x
Laemlii buffer (10 % SDS, 50 % glycerol, 25 %

2-~

mercaptoethanol, 0.3 M Tris pH 6.8

and bromophenol blue (BPB)) was added to the remaining 38 III sample. The mixture was
boiled at 100 DC for 10 minutes and then stored at _20DC until analysed by Sodium Dodecyl
Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) (see section 2.3.3.3).

2.3.3.3 Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis
SDS-PAGE gels contained a separating layer (15 % acrylamide, 2 M Tris, pH 8.8, 1 %
SDS, 1 % NH4S04, 0.1 % TEMED and a stacking layer (5 % acrylamide, 1 M Tris, pH
6.8, 1 % SDS, 1 % (20 mg) NH4S04 and 0.1 % TEMED (20 III per 20 ml) and were
positioned onto a dual plate vertical electrophoresis unit with 1 x running buffer (0.25 M
Tris, 1.92 M Glycine and 1 % SDS, pH 8.3). The gel was pre-run for 30 minutes prior to
use at 10 mA using a consort E835 power pack. 100 Ilg protein for each sample was loaded
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and the gel run at

~ lOrnA

for

~ 16

hours (overnight) or until sufficient separation was

achieved.

2.3.3.4 Western Blotting Transfer
Proteins were transferred from the gel onto pollyvinylidene difuoride (PVDF) membrane
(AGB Scientific Ltd). A section ofPVDF membrane was soaked in 100 % methanol for 1
minute prior to use. The membrane was rinsed twice with dH2 0, followed by soaking in
transfer buffer (0.39 mM Glycine, 48 mM Tris, 0.037 % SDS and 20 % methanol). Six
sheets of absorbent blot paper (Whatman) were also soaked in transfer buffer. Protein
transfer was carried out, by firstly placing 3 sheets of pre-soaked absorbent blot paper on a
semi dry blotter (Sigma). This was followed by placing the pre-soaked PVDF membrane
on top. The SDS gel was placed on top of the PVDF membrane and all bubbles removed,
for transfer of proteins to the membrane to occur. Finally, the remaining 3 sheets of
absorbent blot paper were placed on top of the SDS gel and the semi-dry blotter lid placed
on top. Protein was transferred from the gel on to the membrane using a Consort E132
power pack at 50 V for 2 hours.

2.3.3.5 Blocking and Strepavidin - HRP Binding
Following protein transfer to the PVDF membrane, the membrane was blocked to
eliminate staining from background reactions by incubating the membrane in 100 ml of
Tris buffered saline Tween (TBST) (100 mM Tris, 150 mM NaCI and 0.1 % Tween20, pH
7.5) over night with gentle shaking using a platform shaker STR6 (Stuart Scientific). The
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membrane was then washed with a 1: 10,000 dilution of streptavidin-HRP conjugate in 100
ml of TBST for 1 hour to allow binding to occur. This was followed by 3 x washes in
TBST and a further 3 x washes in dH 20.

2.3.3.6 Chemiluminescent Detection and Autoradiography
Equal quantities of chemiluminescence buffer part A (2.5 mM Luminol, 0.4 mM pcoumaric acid and 100 mM Tris pH 8.5) and chemiluminescence buffer part B (0.02 %
H2 02 and 100 mM Tris pH 8.5) were mixed in dim light. The membrane was washed for 1
minute with a mixture of substrate A and substrate B and placed between two transparent
films in an autoradiograph case (Kodak) and excess substrate removed using a paper towel.
The membrane was then exposed to Kodak® Biomax ML X ray film for 2-60 minutes. The
X ray film was developed using 1:5 dilution of developer (Ilford Hypam) and fixer (Ilford
Hypam) and allowed to dry at RT for 10 minutes.

2.4 MtDNA Damage
2.4.1 Genomic DNA Isolation, Quantification and Visualisation
2.4.1.1 DNA Isolation
Total DNA isolation was performed using a GenElute™ Mammalian Genomic DNA Kit
(Sigma), according to the manufacturer's instructions. The protocol involved resuspending
the cells in resuspension buffer followed by lysing the cells with lysis solution and
Proteinase K. The solutions were transferred to a binding column and centrifuged in a
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high-speed micro centrifuge (SorvaU® RMC 14). The supernatant was discarded and the
binding column containing the DNA was transferred to a new eppendorf. The DNA was
then washed twice with wash buffer and eluted using the supplied elution solution to
release the DNA from the column.

2.4.1.2 Determining the Quantity and Purity of Genomic DNA
Isolated DNA quality and quantity was determined using a HeAios y spectrophotometer to
determine DNA concentration. Absorbance of DNA at wavelength 260 nm (A260) and 280
nm (A280) was recorded. The conversion factor for DNA at 260 nm is 50 Jlgi ml
labsorbance unit. dH2 0 was used as a blank. DNA quality was measured by calculating
the A2601 A280 ratio and values ranging between 1.8 and 2.0 were considered acceptable.
'Working' solutions of equal DNA concentration (between 5 and 10 ngl JlI) were then
prepared for subsequent PCR investigations.

2.4.1.3 DNA Separation and Visualisation by Agarose Gel Electrophoresis
PCR and restriction digest products were separated on agarose gels ranging in strength
from 0.75-1.2 % agarose depending on expected DNA fragment size. Agarose was
dissolved in 1 x Tris-Boric acid-EDTA (TBE) buffer (89 mM Tris base, 89 mM Boric acid,
2 mM EDTA), supplemented with Ethidium Bromide (EtBr) (Gibco).
Samples were loaded on the gel with 2-3 JlI of DNA loading buffer (50 % Glycerol
coloured with a minimal amount of either BPB, xylene cyanol FF or Orange G). Samples
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were always run alongside a DNA ladder of appropriate fragment size range. Samples were
electrophoresed at 50-100 V from 40 minutes to several hours using a Bio-Rad power pack
300. DNA fragments were visualised, photographed, and densitometry performed where
required, using a GeneGenius DNA Imager and associated software (Syngene).

2.4.2 Restriction Fragment Length Polymorphism
2.4.2.1 Polymerase Chain Reaction Amplification
Total genomic DNA was isolated as described in section 2.4.1.1. The complete HPV-G
mitochondrial genome was amplified by PCR using eight sets of primers (all primers were
designed using Primer3 software), as described in Table 2.3. Each primer set amplified a
region that overlapped with the next region, hence covering the entire mitochondrial
genome (see figure 2.2 for schematic representation of regions of the mitochondrial
genome amplified as overlapping fragments). However, the Chinese hamster mitochondrial
genome had only been partially sequenced at the time of investigation. Therefore only two
small regions on the CHO-Kl mtDNA were studied, namely the D loop region and Cox II
region. Two sets of primers were used to amplify these regions, as described in Table 2.4.
peR reactions were carried out in a total volume of 50 Ill. Reaction mixtures contained
dH 20; 7 ng template DNA; 1 x PCR buffer (10 nM Tris-HCI, pH 8.3, 50 mM KCI, 1.5
mM MgCh; 0.01 % gelatin) (Sigma); 4 11M dNTPs mix (Sigma); 0.1 J.lM each of forward
and reverse primer (Table 2.3 and 2.4) and 1 unit RedTaq™ Genomic DNA-Polymerase
(Sigma).
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Table 2.3: Primers including size and location used for amplifying the human
mitochondrial genome as eight overlapping fragments

HI

2826

1117-3943

AATCAACAAAACTGCTCGCCA

GCGTATTCGATGTTGAAGCCT

H2

2395

3875-6270

TAGCAGAGACCAACCGAACC

AACCTGTTCCTGCTCCGG

H3

1959

6225-8184

TCTCTCCTACTCCTGCTCGC

CAGATTTCAGAGCATTGACCG

H4

1929

8013-9942

ACTCCTTGACGTTGACAATC

CTACAAAATGCCAGTATCAGG

H5

1699

9755-11454

GTCTCCCTTCACCATTTCCG

GCAAGTACTATTGACCCAGCG

H6

1993

10966-12959

TACCTGACTCCTACCCCTC

GGATTAGCGTTTAGAAGGGCT

H7

2605

12779-15384

GAGCAGATGCCAACACAGC

CGTGTGAGGGTGGGACTG

H8

2603

15215-1249

GGGACAGACCTAGTTCAATGA

AGCAAGAGGTGGTGAGGTTG
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1117

1249

3875

15276

3943

15215

7
inner circle : L strand

2

outer circle: H strand
triple stranded DNA

12959

6225

D

ribosomal RNA

•

transfer RNAs

12852
6225

3

6

7986

11454
10966
8184

9755

9942

Figure 2.2: A schematic illustration of the location of the 8 overlapping fragments on
the human mitochondrial genome, amplified during peR. (Mitochondrial genome
structure taken from www.bmbJeed .ac.ulu.iliingworth/of}os/biogcn.htm )
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Table 2.4: Primers including size of product used for amplifying the mitochondrial
genome of the Chinese Hamster Ovary-Kl.

CHOX

684

GCTTACCCATCTCAATTAGGC

TCTCGAAGCATTTTATAGGCAC

CHOD

909

TCGTGCATTACATTATATCCCC

TTAACGTGTTTATGCCCGTC
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The PCR reactions were carried out in a Techne-Touchgene gradient thermal cycler.
Reactions were put through 30 cycles of an initial denaturing step at 94°C for 5 minutes, a
hot start at 72°C; followed by 94°C for 40 seconds; an annealing temperature which varied
between 56-58°C for 40 seconds to 1 minute and was dependent on the melting
temperature (Tm) of the primers used; followed by a final elongation step of

noc for 3

minutes and a holding step at 4°C. PCR products were separated on a 1 % agarose gel and
visualised as described in section 2.4.1.3.

2.4.2.2 Restriction Enzyme Digestion
Following amplification of the entire mitochondrial genome for HPY -G cells as 8
overlapping fragments and the D loop and Cox II region for CHO-Kl cells. Each fragment
was subjected to one or more restriction enzymes, to generate a profile of bands of varying
sizes (small enough to enable resolution of bands differing by only 1 base on an
acrylamide gel by SSCP analysis, section 2.4.3). Tables 2.5 and 2.6 describe enzymes
chosen for each fragment and the restriction fragments predicted. The restriction digestion
reaction consisted of ~ 10 jlg of DNA; 1 x restriction buffer (Gibco); 1 U of restriction
enzyme(s) (Gibco) made up to a final volume of 30 jll with dH 2 0. Reactions were
incubated at 37°C overnight, and then fragments separated on a 1.2 % agarose gel and
visualised as described in section 2.4.1.3.
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Table 2.5: Enzymes including name and expected fragment sizes used in restriction
digest for human mtDNA
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HI

Hpall

1963,695,168

H2

EcoRI and HaeIII

1011,724,422,238

H3

XbaI and EcoRV

742, 704, 513

H4

RsaI

748,575,411, 195

H5

StyI and RsaI

256,728,410,126,179

H6

Hpall and EcoRI

773,435,557,228

H7

RsaI and AvaI

509,831,374,891 .

H8

MspI or Hpall

825,711,529,318,220
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Table 2.6: Enzymes including name and expected fragment sizes used in restriction
digest for CHO-Kl mtDNA

CHOD

Hpall and RsaI

435,275,121

CHOX

EcoRl

417,241

77

2.4.3 Single Strand Conformation Polymorphism Analysis
2.4.3.1 Polyacrylamide Gel Electrophoresis
A restriction digest sample was mixed with an equal volume of 2 x DNA denaturing buffer
(10 mM EDTA, 1 mM NaOH, 0.3 mg/ ml BPB and 0.1 mg/ ml xylene cyanol in
formam ide), boiled for 10 minutes at 100 DC to convert DNA fragments to single stranded
DNA (ssDNA) and then chilled rapidly (_20DC freezer) for 5 minutes to prevent reannealing of double strands. An 8 % polyacrylamide gel (8 % acrylamide, 1 x TBE, 5 %
glycerol, 0.06 % (NH4)2S04NH4 and 0.08 % TEMED) was pre-run for 10 minutes at 14
rnA using a Bio-Rad power pack 300, prior to loading with 40 JlI of each sample.
Samples were then separated, with

~14

rnA «l30 volts) for

~16

hours (overnight) or until

sufficient separation was achieved.

2.4.3.2 Silver Staining
Silver staining was carried out using a modified approach of that described by Bassam et

al. (1991). The gel was fixed in 10 % acetic acid for 20 minutes. It was then washed 3
times with dH20 for 2 minutes each. The gel was placed in silver staining impregnate
solution (O.l % AgN0 3 and 0.05 % HCOH) for 30 minutes. This was followed by rinsing
the gel with dH 20 for 30 seconds. The gel was then placed in a developer solution (0.03 %
Na2C03, 0.05 % HCOH and 0.0004 % Na2S203) for 2-5 minutes until bands appeared.
Finally, the gel was placed back into 10 % acetic acid for 5 minutes to arrest development.
The gel was transferred to blotting paper (Sigma) and dried in a vacuum gel drier (VWR
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international) for 40 minutes before being visualised, photographed and analysed for
polymorphic banding.

2.4.4 MtDNA Deletion Analysis
2.4.4.1 Deletion Analysis
Total HPV -G genomic DNA was isolated as described in 2.4.1.1. Eight sets of deletion
primers along with three pairs of common deletion (mtDNA 4977) primers were employed in
this study (Table 2.7). Each primer set was designed to flank regions of the mitochondrial
genome where deletions occur. The 8 sets of deletion forward and reverse primers were
predicted to amplify fragments incorporating deletions ranging from 206-506 bp. Primers
would amplify products ranging from 7,780-14,262 bp in the wild type genome. The CD
forward and reverse primers were predicted to amplify a 393 bp fragment from
mitochondrial genomes incorporating the CD. The limited elongation time, described
below, prevented amplification in the wild type genome. Primers would amplify a 5,358 bp
product from wild-type genomes given sufficient elongation time. PCR reactions were
carried out in a total volume of 25 Ill. Reaction mixtures contained dH2 0; 5 ng template
DNA; 1 x Ready Mix PCR buffer (Sigma; including 10 nm Tris-HCl, pH 8.3, 50 mM KCl,
1.5 mM MgCh, 0.5 U Taq polymerase and 4 11M dNTPs), 0.1 11M each of forward and
reverse primer and 1 unit RedTalM Genomic DNA-Polymerase (Sigma). The PCR
reactions were carried out in a Techne-Touchgene gradient thermal cycler. The peR
conditions included, an initial denaturing step at 94°e for 30 seconds; annealing at 54°e
for 1 minute; and a final elongation step of 72°e for 1 minute. This 3-step amplification
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Table 2.7: Primers used for amplifying the region flanking the 'common' deletion and
other known mitochondrial deletions

MtDNA49n

393
(5,358)

8,15113,509

CGGGGGTATACTACGGTCAA

GGTTTCGATGATGTGGTCTTTG

471
(5,447)

8,27313,720

CCCCTCTACCCCCTCTAGAGCCC
ACTGTAAAGC

GGCTTCCGGCTGCCAGGCCTTTGGGG

MtDNA4977
MtDNA4977

271
(5,275)

8,34013,615

GAGAACCAACACCTCTTTACAGT
GA

TATTCGAGTGCTATAGGCGCTTGTCAG

MtDNA4977-ve

N/A
(409)

8,3408749

GAGAACCAACACCTCTTTACAGT
GA

GGATACTAGTATAAGAGATCAGGTTCG
TC

CCATCCCTGAGAATCCAAAATTC

TCATTGAACTAGGTCTGTCC

464

MtDNAI0422
506
(10,908)

4,30815,216

GGAGCTTAAACCCCCTTATT

TCATTGAACTAGGTCTGTCC

206

346-

TGCCAAACCCCAAAAACAAA

GGAGGTTAGTTGTGGCAATA

CCGAGCCTGGTGATAGCTGG

GGGGTGGCTTTGGAGTTGCA

CCTCCCTGTACGAAAGGACA

AGGGGGTTTTGATGTGGATT

CCTCCCTGTACGAAAGGACA

GGGGGTTTTGATGTGGATT

MtDNA7436

CCTCTAGAGCCCACTGTA

GTACTACAGGTGGTCAAGT

MtDNA7436

GTGAAATGCCCCAACTAAAT

GTACTACAGGTGGTCAAGT

MtDNA 10422
MtDNA8155
MtDNA14012

MtDNA12809

MtDNA12809

80

cycle was repeated 38 times followed by a holding step at 6°C. PCR reactions were
initially terminated after 32, 35, 38 and 41 cycles to confirm that 38 cycles remained
within a linear amplification range. PCR products were separated on a 1 % agarose gel and
visualised as described in section 2.4.1.3.
PCR products indicating amplification across a deletion in the mitochondrial genome were
excised from the gel. DNA was extracted and purified from the agarose gel using a
QiaQuick kit (Qiagen) according to the manufacturer's instructions. DNA fragments were
then sent to MWG Biotech, Ebersberg, Germany for sequencing.

2.4.4.2 Long Range peR Amplification
Total genomic DNA was isolated as described in 2.4.1.1. A pair of long range primers, as
described in table 2.8, were employed in this study. These primers were designed to
amplify almost the entire mitochondrial genome and determine if any large deletions were
present.
PCR reactions were carried out in a total volume of 20

~l.

Reaction mixtures contained

dH20; 10 ng template DNA; 1 x Readymix Extensor PCR Mastermix 2 (ABgene) and O.l
IlM each of forward and reverse primer.
The PCR reactions were carried out in a Techne-Touchgene gradient thermal cycler. The
PCR conditions included; an initial denaturing step of 94°C for 30 seconds; followed by 15
cycles of 94°C for 10 seconds; 56°C for 2 minute and 68°C for 6 minutes. Initially,
elongation times were systematically reduced in an attempt to bias peR amplification
toward genomes containing deletions over wild type genomes. A further 20 cycles of the 3step amplication process was repeated at 94°C for 10 seconds; 56°C for 2 minute and 68°C
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Table 2.8: Primers including size and location used for amplifying regions on the
mitochondrial genome and nuclear genome (18s RNA and p actin) to determine
mitochondrial damage and genome frequency

H18S

155

N/A

GTAACCCGTTGAACCCATT

CCATCCAATCGGTAGTAGC

Semi Quant

526

5463-5989

CTTACCACGCTACTCCTACC

AGGACTCCAGCTCATGCGCC

Long Range

16004

4828-4261

GGCACCCCTCTGACATCC

TAGGTTTGAGGGGGAATGCT

RT-Mito

152

5711 - 5863

ATCAACTGGCTTCAATCTACTTCTC

GTAAATCTAAAGACAGGGGTTAGGC

~ actin

155

N/A

CGGCAGAAGAGAGAACCAGTG

TGACTGGCCCGCTACCTCTT
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for 6 minutes, followed by 10 seconds/ cycle, a final elongation step of 68°C for 15
minutes and a holding step at 6°C. PCR cycles were terminated after 25, 20, 18 and 15
cycles to ensure amplification products had limited extension time to prevent non specific
bands. PCR products were separated on a 0.75 % agarose gel and visualised as described in
section 2.4.1.3.

2.5 Mitochondrial Mass and Mitochondrial Genome Frequency
2.5.1 Mitochondrial Mass Analysis
Relative mitochondrial number and size, or more specifically mitochondrial mass was
measured using a fluorescent dye, MitoTracker Green FM (Molecular Probes, Leiden).
This dye localises to the mitochondrial matrix regardless of the MMP where it covalently
binds to mitochondrial proteins by reacting with thiol groups of cystine residues.
Fluorescence of a broad range of MitoTracker concentrations was initially analysed to
confirm that fluorescence intensity increases linearly in proportion with MitoTracker
concentration over the concentration range used in this study (Figure 2.3). Growth medium
was removed from cells, which were then rinsed twice in Mg2+/ Ca2+ buffer (130 mM
NaCl, 5 mM KCl, I mM Na2HP04, 1 mM MgCh and 1 mM CaCh) Cells were then treated
with 2 ml of MitoTracker Green FM (150 nM) in Mg2+/ Ca2+ buffer and incubated at 37°C
for 20 minutes before rinsing each flask three times in Mg2+/ Ca2+ buffer. Cells were then
harvested, counted using a coulter counter Z2 and resuspended into 900 III Mg2+/ Ca2+
buffer. A triplicate of 300 III of cell suspension was plated onto a 96 well plate (Nunc).
Fluorescence intensity was measured in a fluorescence plate reader (TECAN GENios)
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Figure 2.3: Determination of MitoTracker FM fluorescence linearity with concentration.
Fluorescence was considered relative to mitochondrial numbers as analysis using a broad
concentration range of MitoTracker dye from 8nM to 200nM confIrmed that fluorescence intensity
increases linearly in proportion with using an increase in MitoTracker concentration. Results are
representative of triple measurements.
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using an excitation wavelength of 485 nm and emISSIon wavelength of 535 nm.
Fluorescence intensity measurements were corrected for background, using cell-free Mg2+/
Ca2+ buffer blanks and were then normalised against cell number before being expressed as
a percentage of control values. Statistical analysis was carried out as described in section
2.6.

2.5.2 Measurement of Total Genome Frequency
2.5.2.1 Semi-Quantitative peR Amplification
Total DNA was isolated as described in section 2.4.1.1. Mitochondrial genome frequency
was detelmined by semi-quantitative PCR. Two primer sets (Table 2.8) were employed in
this study. These primer sets included a small 526 bp region of the mitochondrial genome
amplified as a marker for genome frequency using primer combination (Semi-Quant) and
a small 155 bp region of the nuclear genome encoding the l8s RNA gene was amplified as
a control using primer combination (N18s).
PCR reactions were carried out in a total volume of 25 ,.d. Reactions consisted of dH 2 0, 5
ng template DNA; I x Ready Mix PCR buffer (Sigma) (which includes 1.5 mM MgCh, 4
~M

dNTPs and 0.5 U Taq polymerase) and 0.1

~M

each of forward and reverse primer.

The PCR reactions were carried out in a Techne-Touchgene gradient thermal cycler.
The PCR conditions for both primer sets were 30 cycles with an initial denaturing step at
94°C for 40 seconds; followed by annealing at 56°C for 1 minute and finally elongation at

nOc for 40 seconds. This 3-step amplification cycle was repeated 30 times followed by a
holding step at 4°C. Initially, PCR reactions were initially terminated after 25, 30, 35 and
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40 cycles to confirm that 30 cycles was within a linear amplification range for both primer
sets. PCR products were separated and visualised as described in section 2.4.1.3.

2.5.2.2 Real Time peR
Total HPV -G genomic DNA was isolated as described in 2.4.1.1. Relative mitochondrial
genome frequency was determined by real time PCR using a lightcycler 1.5 (Roche
Diagnostics Ltd). Two primer sets (Table 2.8) were employed in this study. These primer
sets included a 152 bp region of the mitochondrial genome encoding a sequence in the
conserved region of the mitochondrial genome (RT-Mito). The housekeeper reference gene
was amplified using the second primer set flanking a 155 bp region of the nDNA encoded
~

actin gene

(~

actin).

PCR reactions were carried out in a total volume of 15 I..d. Reaction mixtures contained
dH 20; 10 ng template DNA; 1 x Brilliant®SYBR® Green QPCR master mix (Stratagene)
and 0.5 )lM of forward and reverse primer. A standard curve of serial dilutions using 1 x,
II 10 x and II 100 x oftemplate DNA was also performed to determine primer efficiency.
All reactions were carried out in triplicate and a non template control was always included.
Reactions were put through an initial denaturing step at 95°C for 10 minutes; followed by
50 cycles of 95°C for 30 seconds, 55°C for 1 minute and

noc for 30 seconds. This was

followed by melt curve analysis using 95°C for 1 minute, 55°C for 30 seconds and then
slowly heating to 95°C, while constantly recording fluorescence. Melt curve analysis
permits confirmation of product number and size in each reaction.
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2.5.2.3 Real Time peR Analysis
Analysis was perfOIIDed using lightcycler® (Roche) associated software. Ct values were
considered inversely relative to starting target template frequency in each PCR reaction
mix. Relative quantification measures the change in frequency of the target gene in the test
sample (treated samples), normalized against the housekeeper (reference) gene for that
sample and relative to a control sample, similarly normalized. The relative frequency using
MCt quantification method was carried out according to Pfaffl (200 1), see below in
equation 2.1. Statistical analysis was carried out as described in section 2.6.

Relative Frequency Ratio =

(Emrget)"'1Cttarget
(Eref)L'1Ctrcf

E = primer efficiency, where E is to the power of the

~Ct

difference of control mean

minus sample mean
ref = reference gene/ endogenous control (in this instance
target = target gene of interest (in this instance RT-Mito)
Ct = crossing point value
~Ct =

Ctmean control - Ctmean sample
Equation 2.1
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~

actin)

2.6 Statistical Analysis
The mean values and standard errors were calculated. Experiments were performed in
triplicate. One way anova analysis or a student t-test was carried out where appropriate to
determine if a significant difference was found between control, irradiated and ICCM
treated cells. Results were considered significant ifp values were:S 0.05.
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Chapter 3: Results
3.1 Mitochondrial Function
3.1.1 Polarography
CHO-KI and HPV-G cells were exposed to direct irradiation and ICCM. Controls were
either sham irradiated or exposed to sham ICCM. Cells were harvested 4, 12 and 24 hours
post treatment as described in section 2.2. Polarography (as described in section 2.3.1) was
performed using a Clarke type oxygen electrode, producing a graph of oxygen
concentration versus time as schematically illustrated in figure 3.1. Preliminary analysis
confirmed OXPHOS as the predominant source of cellular oxygen consumption as cellular
oxygen consumption rates decreased by approximately 90 % in the presence of KCN
(complex IV inhibitor) (data not shown). State 4, state 3 and uncoupled respiration rates
were measured to determine any differences in oxygen consumption rates, induced in
directly irradiated cells or ICCM treated cells, in any and / or all respiratory states. Rates
were calculated as described in section 2.3.1.4 and 2.6 and displayed in figures 3.2 and 3.3.
Polarographic analysis of control cells showed the typical relative oxygen consumption
rates during state 4 (inactive respiration), state 3 (active respiration) and uncoupled
respiration, with state 3 respiration greater than the state 4 and uncoupled respiration
greater than state 3, reflecting typical mitochondrial function (Figure 3.2, 3.3).
No significant difference in basal steady state oxygen consumption levels for state 4 or
state 3 were observed between CHO-Kl and HPV-G cells. However, a significant increase
for basal uncoupled respiration was observed in HPV-G cells when compared to CHO-Kl
cells (Figure 3.2, 3.3). Basal oxygen requirements typically vary between cells in relation
to the energy demand of the cell, along with the cells' age and stress level.
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Figure 3.1: Schematic representation of an oxygen electrode graph to determine relative dissolved
oxygen.
Oxygen consumption rates were assessed using a Clarke-type oxygen electrode. Typical responses to the
systematic addition of cells, Succinate, Digitonin, ADP and DNP are illustrated as state 4, state 3 and
uncoupled respiration. Time (seconds) is plotted on the X axis and percentage of dissolved oxygen in the
chamber is plotted on the Y axis.
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Figure 3.2 CHO-Kl oxygen consumption rates in various respiratory states.
Cells were treated with 5 Gy (A) direct irradiation or (B) ICCM, and assessed 4-24 hours in a
Clarke-type oxygen electrode with additions of ADP and DNP inducing periods of state 3 and
uncoupled respiration, respectively. State 4 respiration was considered the period of respiration
after all ADP present was consumed. Rates were expressed as nMO/ mini 106 cells. * denotes
significance when p ::::: 0.05. Results are representative of experiments performed in triplicate.
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Figure 3.3 HPV-G oxygen consumption rates in various respiratory states.
Cells were treated with 5 Gy (A) direct irradiation or (B) ICCM, and assessed 4-24 hours in a
Clarke-type oxygen electrode with additions of ADP and DNP inducing periods of state 3 and
uncoupled respiration, respectively. State 4 respiration was considered the period of
respiration after all ADP present was consumed. Rates were expressed as nMO/ mini 106
cells. * denotes significance when p :::; 0.05. Results are representative of experiments
performed in triplicate.
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CHO-K I cells exposed to 5 Gy y radiation showed a significant loss of oxygen
consumption during state 3 respiration, only 4 hours post exposure (Figure 3.2A), an effect
similarly observed in CHO-K I cells 4 hours post exposure to 5 Gy ICCM (Figure 3.2B).
Equally important was the responsitivity to ADP (lost) and DNP (retained) observed 4
hours post direct irradiation and ICCM. At 4 hours post 5 Gy direct and ICCM treatment, it
was also seen that state 4 and state 3 respiration were not significantly different from each
other. A less pronounced increase was seen between state 3 and uncoupled respiration,
indicating the membrane potential, though reduced, was not entirely lost. State 3
respiration normally occurs in the presence of ADP, though is reliant on both an intact
proton gradient and functional ATP synthase. DNP is an uncoupling agent and if seen to
increase oxygen consumption rate is evidence of an intact proton gradient across the inner
mitochondrial membrane. At 12 hours post direct 5 Gy irradiation and ICCM treatment
(Figure 3.2), an apparent recovery in oxygen consumption rates was observed, that was
sustained 24 hours post exposure, at which time point, almost all respiratory states were
significantly greater than control values in CHO-K 1 cells. It must be noted that these rates
are cellular oxygen consumption rates, and not mitochondrial, thus indicating that this
increase maybe a recovery of the OXPHOS which is most likely due to an increase in
mitochondrial mass per cell.
HPV-G cells exposed to 5 Gy Y radiation showed a significant increase in oxygen
consumption during state 4 respiration 4 hours post treatment, with no change observed in
state 3 or uncoupled respiration (Figure 3.3A). At 12 and 24 hours post direct irradiation,
oxygen consumption rates observed were not significantly different from control.
Although at 4, 12 and 24 hours post direct irradiation, the ratio of state 3 to state 4 oxygen
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consumption rate was reduced in these cells compared to that in control cells (Figure
3.3A).
HPV -G cells exposed to ICCM showed a significant increase in uncoupled oxygen
consumption rates, 4 hours post exposure that persisted 12 and 24 hours later (Figure
3.3B). States 4 and 3 respiration showed no significant change compared to control at any
time point, except that state 3 respiration was increased 24 hours post ICCM exposure.
The RCI indicates how tightly the mitochondria are coupled. In figure 3.4 (A) a significant
loss of coupling in both directly irradiated and ICCM treated CHO-K1 cells was observed
as early as 4 hours post treatment in comparison to control values, which was maintained
12 hours post direct treatment. At 24 hours, no significant difference was observed in
mitochondrial coupling when compared to control. In CHO-K1 ICCM treated cells there
was a recovery of mitochondrial coupling at 12 hours, although this was not sustained as
there was a further significant decrease observed at 24 hours, indicating coupling was
further reduced (Figure 3.4A).
HPV -G directly treated cells showed a significant decrease in mitochondrial coupling
when compared to controls 4 hours post treatment which was maintained 12 hours later.
Exposure to direct treatment for 24 hours resulted in mitochondrial coupling returning to
control levels (Figure 3.4B). In ICCM treated HPV-G cells no significant change in
mitochondrial coupling was observed at 4 or 12 hours post treatment, though a significant
increase was observed at 24 hours post exposure (Figure 3.4B).
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Figure 3.4 CHO - Kl and HPV-G Respiratory Control Index.
Cells were treated with 5 Gy direct irradiation or ICCM, and assessed 4-24 hours in a Clarke-type
oxygen electrode with additions of ADP and DNP inducing periods of state 3 and uncoupled
respiration, respectively. State 4 respiration was considered that period of respiration after all
ADP present was consumed. RCI rates (state 3/ state 4 ratio) are shown in (A) CHO-Kl and (B)
HPV-G cells. * denotes significance when p:::; 0.05. Results are representative of experiments
performed in triplicate.
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3.1.2 Enzyme Kinetics
Enzyme kinetic assays were carried out to assess functionality of the enzymes of OXPHOS
as described in section 2.3.2. A combination of enzyme inhibitors and substrates for each
enzyme complex is described in Table 2.1. CHO-K 1 and HPV -G cells were exposed to
direct irradiation and ICCM. Controls were sham irradiated or exposed to sham ICCM.
Cells were harvested 4, 12, 24 and 96 hours post treatment as described in section 2.2.
Complex II-III analysis for CHO-Kl cells shows that enzyme activity remains similar to
control levels at 4 hours post direct 5 mGy treatment. At 4 hours post direct 0.5 Gy and 5
Gy a significant reduction in enzyme activity was observed. By 12 hours post 5 Gy direct
treatment there appeared to be a recovery of enzyme function which was sustained 24 and
96 hours later. However, at all time points post direct treatment enzyme function did not
regain recovery to that of control levels (Figure 3.5A). Enzyme activity in ICCM treated
cells was reduced as early as 4 hours post 5 mGy treatment. This response appeared to be
dose dependant, as activity levels were further significantly reduced at 4 hours post 0.5 Gy
and 5 Gy, respectively. At 12 hours post ICCM treatment there appeared to be a recovery
of enzyme function which was sustained 24 hours later. Enzyme function at 96 hours post
treatment indicated activity was fully restored and significantly higher than that of control
(Figure 3.5A).

Analysis of complex IV function indicated that at 4 hours post 5 mGy direct treatment
enzyme activity remained similar to control levels. A significant decrease in enzyme
activity was observed at 4 hours post 0.5 Gy and 5 Gy direct treatment. Indeed the degree
of loss in activity 4 hours post exposure appeared dose dependant. In directly treated
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Figure 3.5: Enzyme kinetic activity of CHO-Kl cells post direct irradiation and ICCM treatment.
CHO-K1 cells were harvested 4, 12,24 and 96 hours post direct and ICCM treatment. Enzyme kinetic assays
were carried out to determine individual enzyme activity for (A) complex II-III, (B) complex IV and (C)
complex V. * denotes significance when p :::; 0.05. Results are representative of experiments performed in
triplicate.
97

samples at 12 hours post 5 Gy treatment, a decrease in enzyme activity was observed. This
trend was maintained up to 96 hours later (Figure 3.5B). Analysis at 4 hours post ICCM
treatment displayed a similar pattern to directly treated samples. Enzyme function was
significantly reduced at 12 hours post 5 Gy ICCM treatment. However, by 24 hours there
was a recovery to control levels which was sustained 96 hours later (Figure 3.5B).

Complex V activity indicated that enzyme function remained similar to control levels at 4
hours post 5 mGy direct treatment for CHO-Kl cells. There was a significant decrease in
enzyme activity at 4 hours post 0.5 Gy and 5 Gy direct treatment. This response was dose
dependant. A significant decrease in enzyme activity was observed 12 hours post 5 Gy
direct treatment which was maintained 24 hours later. At 96 hours post direct treatment
enzyme activity was still reduced, however was not significantly different when compared
to control levels (Figure 3.5C). Complex V analysis showed no significant change in
enzyme function at 4 hours post 0.5 Gy or 5 mGy ICCM treatment. At 4 hours post 5 Gy
ICCM a significant reduction in enzyme activity was observed. By 12 hours post 5 Gy
ICCM treatment a recovery of enzyme function was observed which was sustained 24
hours later. Although, this increased activity was still significantly reduced when compared
to control, until 96 hours post 5 Gy ICCM, when enzyme function returned to control
levels (Figure 3.5C).

Complex II-III analysis in exposed HPV -G cells indicated that enzyme activity levels
increase more immediately at lower doses than in higher doses in directly treated cells post
5 mGy and 0.5 Gy. At 4 hours post 5 Gy, activity levels were similar to control levels. At
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12 and 24 hours post 5 Oy direct treatment a significant though transient increase was
observed, as activity fell significantly below control levels 96 hours post exposure (Figure
3.6A). Activity post 5 mOy and 0.5 Oy ICCM followed a similar trend to directly treated
samples. At 5 Oy post ICCM exposure enzyme activity remained similar to control through
12 hours but increased significantly above control 24 hours post exposure and this increase
was sustained 96 hours post exposure (Figure 3.6A).

Complex IV activity in exposed HPV-O cells showed no significant changes in enzyme
function post 0.5 Oy or 5 mOy direct treatment. At 4 hours post 5 Gy direct irradiation, a
significant reduction was observed that was sustained through 12, 24 and 96 hours post
direct exposure (Figure 3.6B). Activity at 4 hours post 5 mGy and 0.5 Oy ICCM showed
no significant changes and remained similar to control levels. However, activity post 5 Gy
ICCM exposure showed a significant reduction compared to control levels 4 hours post
exposure, though recovered by 12 hours, a recovery that was sustained through 24 and 96
hours post exposure (Figure 3.68).

Complex V activity in exposed HPV -0 cells show a dose dependant response at 4 hours
post direct treatment, with significant decreases observed post 5 mOy, 0.5 Gy and 5 Oy,
respectively. By 12 hours post 5 Gy direct treatment a recovery of enzyme function was
observed which was sustained up to 96 hours later, but did not recover to that of control
(Figure 3.6C). Activity post ICCM treatment was similar to control levels at all dose points
4 to 24 hours later. However, a significant reduction in enzyme activity was observed 96
hours post 5 Gy TCCM exposure (Figure 3.6C).
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Figure 3.6: Enzyme kinetic activity of HPV-G cells post direct irradiation and ICCM treatment.
HPV-G cells were harvested 4, 12, 24 and 96 hours post direct and ICCM treatment. Enzyme kinetic
assays were carried out to determine individual enzyme activity for (A) complex II-III, (B) complex IV
and (C) complex V. * denotes significance when p s: 0.05. Results are representative of experiments
performed in triplicate.
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3.1.3 Mitochondrial In Organello Protein Synthesis
Selective labelling of nascent mtDNA-encoded proteins was performed in whole cells as
described in section 2.3.3. The absence or reduction of a polypeptide suggests mtDNA
genome damage in the region coding for that particular polypeptide. This may arise from a
deletion or mutation in the template sequence inducing a premature stop codon or a
random mutation at the ribosomal recognition site. Mitochondrial protein synthesis
analysis identified irregular mtDNA-directed protein synthesis in both CHO-Kl and HPVG cells following direct irradiation and ICCM. Cycloheximide is a selective inhibitor of
nDNA-directed protein synthesis by interfering with the translocation step in protein
synthesis thus blocking translational elongation. Chloroamphenicol (CAP) selectively
inhibits only mtDNA-directed protein synthesis and was used to confirm the mitochondrial
origin of the detectable labelled proteins in HPV-G control cells with combinations of
cycloheximide. In figure 3.7 results confirm that detectable bands are that of mitochondrial
origin, as it was shown that mitochondrial protein synthesis decreased until synthesis
eventually ceased, in proportion with the concentration range of CAP used in this study.
Analysis was also carried out on HPV -G control cells for different time points to identify
an optimal time period for which to perform all future analyses (Figure 3.8). Results
showed that incorporated biotinylated-lysine residues were detectable as early as 10
minutes, although the 2 hour time period was selected as this would be more easily
performed and reproducible on larger sample numbers.
CHO-Kl cells post direct treatment (Figure 3.9) showed a decrease in mitochondrial
protein synthesis as early as 4 hours post 5 Gy direct exposure, which increased through 12
hours to a level above controls 24 hours later. However, there was a decrease in synthesis

101

C

Ix lOx
CAP CAP
+-- ND5

58.1-----+

39.8 -----+
29 -----+
20.1-----+
<iI--

14.3 -----+

ND6

..-...-ND3

Figure 3.7: Confirmation of mtDNA ongm of protein bands in mitochondrial in
organello protein synthesis analysis. HPV-G control cells were incubated with biotinylated
lysine residues which are incorporated into nascent proteins during translation.
Cycloheximide is a selective inhibitor of nDNA-directed protein synthesis, while CAP
selectively inhibits only mtDNA-directed protein synthesis. Each sample was treated with 1
mg/ ml of cycloheximide, with lane 2 also containing 0.1 mM (1 x) CAP and lane 3
containing 1 mM (10 x) CAP.
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Figure 3.8: Time course determination of an optimal incubation time for mitochondrial in
ol'ganello protein synthesis analysis. A time course study was carried out to determine optimal
detection of protein synthesis activity post treatment. Control HPV-G cells were incubated for 10
minutes to 24 hours with mitochondrial protein synthesis buffer. Only peptides encoded for by
mtDNA were labeled by biotin and detected by conjugation, luminal conversion and
autoradiography.
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Figure 3.9: MtDNA-encoded protein synthesis in CHO-Kl cells post direct y irradiation.
MtDNA directed protein synthesis in CHO-Kl cells was analysed 4, 12, 24 and 96 hours after 5
Gy y irradiation and at 96 hours post exposure doses ranging from 5 mGy-5 Gy. Only peptides
encoded for by mtDNA were labeled by biotin and detected by conjugation, luminal conversion
and autoradiography. Images are representative of triple experiments.
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to below that of control levels at 96 hours post 5 Gy treatment. Reduced synthesis was
observed with decreasing dose at 96 hours post exposure, with a reduction in synthesis post
5 mGy such that the majority of polypeptides were either not synthesised at all or at a level
too low to be detected (Figure 3.9).
ICCM treatment of CHO-Kl cells had less pronounced effects on mitochondrial protein
synthesis, though effects were observable as early as 4 hours post treatment where ND 1,
N03 and ND6 synthesis was reduced. The ND3 protein is found within the region of the
mitochondrial genome that's lost when the CO occurs. This reduction appeared transient as
synthesis recovered through 12, 24 and up to 96 hours post exposure. Reduced synthesis of
ND3 was observed with decreasing dose at 96 hours post exposure, with a reduction in
synthesis post 5 mGy such that this polypeptide was either not synthesised at all or
synthesised at a level too low to be detected (Figure 3.10).
HPV-G cells that were exposed to direct irradiation showed no change in mitochondrial
protein synthesis at any time point post 5 Gy (Figure 3.11). Interestingly, at 96 hours post
0.5 Gy altered synthesis was observed, with COl protein appearing greatly reduced.
Furthermore, at 96 hours post 0.5 Gy irradiation there were two irregular sized proteins
synthesised (of approximately 50 and 15 kOa) and these proteins were not observed in any
of the other treated samples or in the control (Figure 3.11).
ICCM treated HPV -G cells showed no significant changes in protein synthesis until 96
post exposure. At this time, cells post 5 Gy ICCM showed a marked increase in protein
synthesis, whereas cells post 0.5 Gy and 5 mGy ICCM showed reduced protein synthesis
(Figure 3.12).
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Figure 3.10: MtDNA-encoded protein synthesis in CHO-Kl cells post ICCM treatment.
MtDNA directed protein synthesis in CHO-Kl cells was analysed 4, 12,24 and 96 hours after 5
Gy ICCM treatment and at 96 hours post ICCM doses ranging from 5 mGy-5 Gy. Only peptides
encoded for by mtDNA were labeled by biotin and detected by conjugation, luminal conversion
and autoradiography. Irregular banding patterns are highlighted with a white arrow. Images are
representative of triple experiments.
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Figure 3.11: MtDNA-encoded protein synthesis in HPV-G cells post direct y irradiation.
MtDNA directed protein synthesis in HPV-G cells was analysed 4, 12,24 and 96 hours after 5
Gy y irradiation and at 96 hours post exposure at doses ranging from 5 mGy- 5 Gy. Only
peptides encoded for by mtDNA were labeled by biotin and detected by conjugation, luminal
conversion and autoradiography. Irregular banding patterns are highlighted with a white arrow.
Images are representative of triple experiments.
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Figure 3.12: MtDNA-encoded protein synthesis in HPV-G cells post ICCM treatment.
MtDNA directed protein synthesis in HPV-G cells was analysed 4, 12,24 and 96 hours after
5 Gy ICCM treatment and at 96 hours at doses ranging from 5 mGy- 5 Gy. Only peptides
encoded for by mtDNA were labeled by biotin and detected by conjugation, luminal
conversion and autoradiography. Images are representative of triple experiments.
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3.2 MtDNA Damage
3.2.1 Restriction Fragment Length Polymorphism Analysis
HPV-O and CHO-Kl cells were exposed to direct irradiation and ICCM. Controls were
sham irradiated or exposed to sham ICCM. Cells were harvested 4, 12, 24 and 96 hours
post treatment as described in section 2.2. Total DNA was extracted as described in section
2.4.1. An equal amount of DNA was added to each PCR reaction as described in section
2.4.2.1. PCR was carried out on HPV -0 mtDNA using 8 overlapping fragments. PCR was
also carried out on CHO-Kl mtDNA using two sets of primer combinations to amplify two
regions of the mitochondrial genome, (Cox II and D loop) as this genome had only been
partially sequenced at the time of investigation. The mtDNA sequences of all PCR primers
used in this study are detailed in tables 2.3 and 2.4. HPV -0 mtDNA PCR products ranged
from 1,699 bp-2,826 bp. While in CHO-Kl, mtDNA PCR products ranged in size from
684 bp for primer combination Cox 11 (in the COX gene) to 909 bp using primer
combination D loop (in the D loop region). The PCR products obtained from mitochondrial
genome amplification were prepared for restriction enzyme digestion analysis, as described
in section 2.4.2.2. This technique was carried out to identify if any small deletions in
mtDNA were induced. Each irradiated and ICCM treated mtDNA restriction digest sample
was compared to a control mtDNA restriction digest sample. No changes were found in
CHO-Kl mtDNA PCR or RFLP analysis indicating that either no deletions were present or
were identifiable by polymorphic banding patterns in any of the treated cells (data not
shown). In HPV -0 mtDNA, no polymorphic banding patterns were identified with the
exception of 24 hours post 5 Oy direct treatment (Figure 3.13). PCR results obtained
within the H3, H4 and H7 genome regions are displayed in panel (A) and RFLP results are
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Figure 3.13: Polymorphic banding ofHPV-G mtDNA post direct irradiation.
Cells were harvested 24 hours post 0.5 Gy and 5 Gy direct y irradiation. DNA was isolated and
PCR of the (A) H4 (lanes 1-3), H7 (lanes 4-6) and H3 (lanes 7-9) genome regions was carried
out (see tables 2.3 and 2.5). Products were separated on a 1 % agarose gel and visualised. (B) A
restriction digest of each fragment in regions H4 (lanes 1-3), H7 (lanes 4-6) and H3 (lanes 7-9)
was carried out and subsequent products separated on a 1.2 % agarose ge1. Polymorphic
banding is indicated by a white arrow.
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displayed in panel (B). All restriction digest bands present appeared uniform and showed
no differences in fragment sizes with the exception of post 24 hours 5 Gy direct irradiation
using the primer set H3. This polymorphism is likely to be a result of either a random
mutation at the restriction enzyme recognition site, a small deletion or a mutation in the
template sequence giving rise to a premature stop codon. However, deletions and random
mutations identified by this technique were not reproducible. Therefore, this approach was
not considered a reliable method of identifying DNA damage as RFLP analysis is limited
to detecting one of the three aforementioned mutation types that would give rise to a
detectable polymorphism. Instead, as an alternative, two other molecular based PCR
techniques were carried out in this study to determine if direct irradiation and ICCM
exposure could induce mitochondrial genomic deletions (described in sections 3.2.3 and
3.2.4).

3.2.2 Single Strand Conformation Polymorphism Analysis
SSCP analysis was carried out as described in section 2.4.3. Initial PCR product sizes were
designed well above the limit to resolve polymorphisms. Restriction enzyme digests were
converted to ssDNA and separated on an acrylamide gel. This technique was carried out to
identify if point mutations were induced in mtDNA by direct irradiation or ICCM. This
maximised the chance of picking up a polymorphism and required an interim digest step
which reduced PCR products to a suitable length for subsequent SSCP analysis.
SSCP analysis indicated that mutations occurred in mtDNA of cells exposed to both direct
irradiation and ICCM. In HPV-G cells only one region of mtDNA was identified as

III

susceptible to mutations, the region contained within primer set H8 (Table 2.3), which
entirely encompasses the 0 loop region. In CHO-Kl cells, mutations were identified in
both the Cox II and 0 loop regions. Although the mutation loci were found to be variable,
their reoccurrence in these hot spot regions was reproducible. CHO-Kl cells irradiated
with 0.5 Gy and 5 Gy showed the presence of point mutations in the mitochondrial genome
4, 8, 24 and 96 hours after exposure to both direct irradiation and ICCM as shown in figure
3.14,3.15 and 3.16. In HPV-G cells, SSCP analysis of regions HI-H7 (Table 2.3) showed
no observable induction of point mutations (data not shown) at any radiation dose or ICCM
treatment. Also, SSCP analysis performed on both HPV-G and CHO-Kt cells exposed
directly to 5 mGy or 5 mGy ICCM showed no observable point mutations.
SSCP analysis identified point mutations in CHO-Kl mtDNA 4 hours post 0.5 Gy direct

(Cox II region) and 5 Gy direct (0 loop region) irradiation (Figure 3.14). Point mutations
were found in HPV -G mtDNA treated with both 5 Gy direct irradiation and 5 Gy ICCM 4
hours post treatment in the region of the genome amplified with primer set H8 (Table 2.3).
Mutations were also present 8 hours post treatment in mtDNA of HPV -G cells post 5 Gy
direct and 5 Gy ICCM in the amplified H8 region, while point mutations in CHO-Kl
mtDNA were observed post 5 Gy direct irradiation in the Cox II region, D loop region and
post 5 Gy TCCM in the D loop region (Figure 3.15). Point mutations were observed at 0.5
Gy and 5 Gy 24 hours post ICCM treatments in HPV-G mtDNA in the D loop region of
the mitochondrial genome and 96 hours post 5 Gy direct treatment (Figure 3.16).
Mutations were also present 24 hours post ICCM treatment in CHO-Kl cells in the Cox II
region. Point mutations were observed to be most abundant in cells 24 and 96 hours after
direct irradiation and ICCM treatment (Figure 3.16).
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Figure 3.14: Point mutation analysis of mtDNA from CHO-Kl and HPV-G cells.
Cells were harvested 4 hours post direct "( irradiation and ICCM. DNA was isolated and 650 bp-3
Kbp fragments of (A) Cox II, (B) D loop and (C and D) H8 amplified. Fragments were
restriction-digested and converted to ssDNA. SsDNA fragments were then separated on an
acrylamide gel and silver stained. Lanes marked 'c' are control samples, lanes marked 'd' are
directly treated samples and lanes marked 'b' are samples exposed to ICCM. Polymorphic
banding is denoted by a black arrow. Images are representative of triplicate experiments.
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Figure 3.15: Point mutation analysis of mtDNA from CHO-Kl and HPV-G cells.
Cells were harvested 8 hours post direct 5 Gy 'Y irradiation and ICCM, DNA was isolated and 650
bp-3 Kbp fragments amplified by PCR using primer combinations (A) H8, (B) Cox 11 (lanes 1,2)
and D loop (lanes 3, 4) (C) Cox 11 (lanes 1,2) and D loop (lanes 3, 4), Fragments were restrictiondigested and converted to ssDNA. SsDNA fragments were then separated on an acrylamide gel and
silver stained, Lanes marked 'c' are control samples, lanes marked 'd' are directly treated samples
and lanes marked 'b' are samples exposed to ICCM, Polymorphic banding is denoted by a black
arrow. Images are representative of triplicate experiments.
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F igure 3.16: Point mutation analysis of mtDNA from CHO-Kl and HPV-G cells.
Cells were harvested (A and B) 24 homs and (C) 96 hours post ctirect y irracliation and ICCM. DNA
was isolated and 650 bp-3 Kbp fragments amplified by PCR using primer combinations (A) HS, (B)
Cox II and (C) H8. Fragments were restriction-digested and converted to ssDNA. SsDNA
fragments were then separated on an acrylamide gel and silver stained. Lanes marked 'c' are
control samples, lanes marked cd' are directly treated samples and lanes marked ' b' are samples
exposed to ICCM. Polymorphic banding is denoted by a black arrow. lmages are representative of
triplicate experiments.

115

As previously mentioned, at the time of investigation limited information of the CHO-KI
mitochondrial genome was known as the entire genome had not been entirely sequenced.
Therefore, further CHO-Kl genome analysis in this study was excluded and the remainder
of this thesis concentrated solely on HPV-G mitochondrial genome dysfunction.

3.2.3 MtDNA Deletion Analysis
HPV -G cells were exposed to direct irradiation and TCCM. Controls were sham irradiated
or exposed to sham ICCM. Cells were harvested 96 hours post treatment as described in
section 2.2. Total DNA was extracted as described in section 2.4.1. An equal amount of
DNA was added to each PCR reaction as described in section 2.4.4.1. Amplification was
only achieved from a template containing a deletion. Figure 3.17A shows almost no
amplified product from control HPV-G mtDNA, therefore a low basal level of the deletion
was present already in the cells. However, pronounced amplification was observed from
DNA extracted from cells irradiated with 5 mGy, 0.5 Gy and to a lesser extent 5 Gy and
also from cells exposed to 5 mGy ICCM, 0.5 Gy ICCM and 5 Gy TCCM (Figure 3.17 A).
These results show pronounced accumulation of a deletion 96 hours after treatment in both
directly irradiated and ICCM treated cells compared with control cells (Figure 3.17 A).
DNA was also extracted from HPV-G cells 4, 12,24 and 96 hours after irradiation with 0.5
Gy and 0.5 Gy ICCM (Figure 3.17B). Pronounced amplification of product was first seen
in samples from directly irradiated cells 12 hours after exposure, with a further increase at
24 and 96 hours (Figure 3.17B). Significant amplification of product was first seen in
samples from cells 24 hours after exposure to TCCM, with a further increase at 96 hours
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Figure 3.17: Deletion analysis ofmtDNA from HPV-G cells.
A novel mtDNA deletion was identified using primers that flank the region of the
genome affected by the 'common' deletion and employing PCR parameters such that
amplification is achieved from genomes with a significant deletion. Primer loci are 5370
bp apart in a wild-type genome. (A) DNA was isolated from HPV-G cells 96 hours post 5
mGy to 5 Gy y irradiation or post exposure to medium from cells similarly exposed. (B)
DNA was isolated from HPV-G cells 4, 12,24 and 96 hours post 0.5 Gy y radiation or
post exposure to 0.5 Gy ICCM. Images are representative of duplicate experiments.
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(Figure 3.17B). Indeed, the lower doses of direct radiation, such as 5 mGy and 0.5 Gy
appeared more potent than the 5 Gy dose in inducing this deletion and 5 mGy ICCM, 0.5
Gy ICCM and 5 Gy ICCM all appeared equipotent (Figure 3.17A). The amplicons
identifying a deletion were approximately 500 bp in size when a 393 bp fragment was
predicted from the common deletion. Subsequent DNA sequencing (MWG Biotech,
Germany) confirmed one consistent mtDNA deletion, though not the 4,977 bp CD as
expected, but a relatively novel 4,881 bp deletion flanked by a 7 bp repeat (Figure 3.18)
that produced a 499 bp fragment. This fragment was confirmed using two other primer sets
(Table 2.7), including nested primers and subsequent DNA sequencing (MWG Biotech,
Germany). Deletion analysis was also carried out on five other known mitochondrial
genome deletions, although no deletions were identified (data not shown).

3.2.4 Long Range peR
HPV -G cells were exposed to direct irradiation and ICCM. Controls were sham irradiated
or exposed to sham TCCM. HPV -G cells were harvested 4, 12, 24 and 96 hours post
treatment as described in section 2.2. Total DNA was extracted as described in section
2.4.1. Long range PCR was carried out to identify non-specific large deletions as described
in section 2.4.4.2. An equal amount of DNA was added to each PCR reaction, using a
primer set to amplify almost the entire genome. No large deletions were found, although
reduced PCR-product band intensities were an observable feature 96 hours later, however
only post higher doses of direct radiation. This reduced PCR efficiency of only long range

118

A

Wild Type Sequence

,

,

8624

13513

••• ATCCCCACCTCCAAATATCfCATCA ••••.••••••••• CAGGTTTcrAcrCCAAAGACC\CAT •••

,
,

Only one copy of the flanking sequence is retained after the deletion event

MtDNA4881 Sequence

, ,

8624

13513

.... ATCCCCACCTCCAAACA('CA( 'AT ....

B
ACAAACTACCACCTACCTCCCTCACCAAGCCCATAAAAATAAAAAAT
TATAACAAACCCTGAGAACCAAAATGAACGAAAATCTGTTCGCTTC
ATTCATTGCCCCCACAATCCTAGGCCTACCCGCCGCAGTACTGATC
ATTCTATTTCCCCCTCTATTGATCCCCACCTCCAAAC \CCA('ATCAT
CC.\A;\( :C\C.\.\,\CATATC.\.TH·. \( :.\:\ACC(:CTC,\G( :CCL\TC] XfT
ACTCI'C\ 'I{ 'CCrAC("r( ·C("I"C.\( ·,\o\(;(.'(;(·CI ',\ '1 ACC\CT( :G,\

Figure 3.18: Sequencing analysis of a novel 4,881 bp mtDNA deletion in HPV-G
cells. (A) Characterisation of a novel mtDNA deletion was performed by excising the
identified band from an agarose gel, purifying the DNA, resuspending in H20 and DNA
sequencing (at MWG Biotech, Germany), This revealed a 4,881 bp deletion in the
mitochondrial genome, Bases highlighted in blue indicate the 7 bp flanking sequences.
(B) The DNA sequencing result containing the deletion from MGW Biotech, blue
indicates the flanking sequence, pink indicates the DNA sequence upstream from the
deleted region while J21'1.'C I1 indicates downstream from the deleted region,
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PCR product, was attributed to global non-specific mtDNA damage (as no similar loss was
observed in short product amplification as shown in section 3.3.2). No loss of PCR
efficiency was observed at 12 or 24 hours post treatments (Figure 3.19) suggesting a delay
in response for damage to occur. At 96 hours post direct treatment, efficiency of PCR
product amplification was seen to be severely reduced post 0.5 Gy and 5 Gy (Figure 3.19 A
and C). Interestingly, there is no loss of PCR efficiency post 5 mGy direct exposure
(Figure 3.19A and C).
In ICCM treated samples it was observed that at no time or dose, was any damage load to
mtDNA sufficient to impair PCR efficiency as observed post direct irradiation (Figure
3.19B and D).

3.3 Mitochondrial Mass and Mitochondrial Genome Frequency
3.3.1 Mitochondrial Mass
CHO-Kl and HPV-G cells were exposed to direct irradiation and ICCM. Controls were
sham irradiated or exposed to sham ICCM. Cells were harvested 4, 12, 24 and 96 hours
post treatment as described in section 2.2. Cells were incubated with MitoTracker green
FM dye as described in section 2.5.1. Fluorescence was considered relative to
mitochondrial mass as analysis of a broad range from 8-200 nM of MitoTracker confirmed
that fluorescence intensity increases linearly in proportion with MitoTracker concentration
over the concentration range used in this study as seen in figure 2.3. There was a
significant increase in mitochondrial mass in CHO-Kl cells 4 hours post direct irradiation
reaching a maximum at 24 hours that was sustained at 96 hours (Figure 3.20A).
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Figure 3.19: Mitochondrial genome frequency on DNA from HPV-G cells post direct irradiation
and ICCM treatment using PCR. DNA was isolated and equal amounts were added to each PCR
reaction. Almost the entire genome post (A) direct irradiation and (B) ICCM treatment was amplified
and products were separated on a 0.8 % agarose. Images are representative of triplicate experiments.
Table (C) show the mean density of mitochondrial bands as a percentage of the control, with errors
expressed as standard error of the mean of triple samples.
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Figure 3.20: Mitochondrial mass analysis in CHO-Kl cells using MitoTracker green.
Cells were harvested (A) 4, 12, 24 and 96 hours post 5 Gy direct and 5 Gy ICCM
treatment and (B) 96 hours post 5 mGy, 0.5 Gy and 5 Gy treatment. Mitochondrial mass
was assessed using MitoTracker green FM using excitation wavelength 488 nm and
emission wavelength 530 nm. * denotes statistical significance when p ~ 0.05. Results are
representative of triplicate experiments.
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Mitochondrial mass was not observed to increase significantly until 12 hours post exposure
to ICCM and continued to increase at 24 and 96 hours, at which time the increase was
comparable to that observed in directly irradiated CHO-Kl cells (Figure 3.20A). CHO-Kl
cells 96 hours post direct exposure from 5 mGy to 5 Gy showed an increase in
mitochondrial mass with the greatest increase observed at the highest dose (Figure 3.20B).
CHO-Kl cells 96 hours post exposure to ICCM showed similar significant increases in
mitochondrial mass independent of dose (Figure 3.20B).
A significant increase in mitochondrial mass in HPV-G cells was first observed 12 hours
post direct treatment, reaching a maximal level 24-96 hours later (Figure 3.21A). A
significant increase in mitochondrial mass in HPV-G cells was observed 4 hours post
exposure to ICCM, reaching a maximal level 12-24 hours later that persisted at 96 hours
though was lower than the maximal level reached post direct irradiation (Figure 3.21A).

In HPV -G cells 96 hours post direct exposure to 0.5 Gy and 5 Gy mitochondrial mass was
significantly greater than that of control cells. However, the most noticeable effect was
observed following 5 mGy exposure, where mitochondrial mass was approximately 4 fold
that of control cells (Figure 3.21B). An increase in mitochondrial mass was also observed
96 hours post exposure to ICCM treated cells, though not as pronounced as in HPV-G cells
96 hours post 5 mGy direct irradiation. Exposure to both direct irradiation and ICCM
showed an increase in mitochondrial mass 96 hours post exposure, with the greatest
increase observed at the lowest dose (Figure 3.21B).
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Figure 3.21: Mitochondrial mass analysis in HPV-G cells using MitoTracker green.
Cells were harvested (A) 4, 12, 24 and 96 hours post 5 Gy direct and 5 Gy ICCM
treatment and (B) 96 hours post 5 mGy, 0.5 Gy and 5 Gy treatment. Mitochondrial mass
was assessed using MitoTracker green FM using excitation wavelength 488 nm and
emission wavelength 530 nm. * denotes statistical significance when p :S 0.05 . Results
are representative of triplicate experiments.
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3.3.2 Semi Quantitative peR
HPV-G cells were exposed to direct irradiation and ICCM. Controls were sham irradiated
or exposed to sham ICCM. HPV-G cells were harvested 96 hours post treatment as
described in section 2.2. Total DNA was extracted as described in section 2.4.1. PCR was
carried out to determine changes if any to mitochondrial genome frequency as described in
section 2.5.2.1. An equal amount of DNA was added to each reaction. PCR was carried out
on HPV-G mtDNA using primers Semi-Quant and HISS (Table 2.S). Cells irradiated with
0.5 Gy and 5 Gy showed a pronounced increase in mitochondrial genome frequency 96
hours post direct exposure (Figure 3.22A and C), an increase of up to 3 fold that of
control cells. Cells exposed to ICCM showed a pronounced increase in the number of
mitochondrial genomes per cell at all three dose points ranging from 1.6 fold at 5 mGy
ICCM to almost 2 fold for 5 Gy ICCM (Figure 3.22A and C). Total DNA was also
extracted from HPV-G cells 4, 12, 24 and 96 hours after 0.5 Gy direct irradiation and
exposure to 0.5 Gy ICCM. An increase, with time, in the number of mitochondrial
genomes per cell was observed after these treatments. This increase was pronounced at 24
hours after exposure and reached a level of approximately 2 fold that of control cells at 96
hours (Figure 3.22B and D). Amplification of a fragment of the 1SS RNA sequence (Table
2.S) was used as a nuclear standard each time to confirm no significant variation in nuclear
genome (and therefore relative cell number) per sample.
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Figure 3.22: Semi-quantitative peR analysis ofmtDNA from HPV-G cells.
Equal amounts of DNA (mtDNA+nDNA) were added to each PCR reaction. A small region of
the mitochondrial genome, known to be largely unaffected by mutations or deletions was
amplified after various cell exposure conditions described above. (A) DNA was isolated from
HPV-G cells 96 hours post exposure to 5 mGy, 0.5 Gy and 5 Gy y radiation and post exposure to
5 mGy, 0.5 Gyand 5 Gy ICCM. (B) DNA was isolated from HPV-G cells 4, 12,24 and 96 hours
post exposure to 0.5 Gy y radiation and post exposure to 0.5 Gy ICCM. A region of the nuclear
18S RNA gene was amplified as a standard each time. Images are representative of duplicate
experiments. The tables (C and D) show the mean density of mitochondrial bands as a
percentage of the control, with errors expressed as standard error of the mean.
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3.3.3 Real Time peR Analysis
Relative mitochondrial genome frequency was measured using real time PCR as described
in section 2.5.2.2 and 2.5.2.3. A schematic illustration of a typical real time PCR graph is
shown in figure 3.23A. HPV-G cells were exposed to direct irradiation and ICCM.
Controls were sham irradiated or exposed to sham ICCM. Cells were harvested 4, 12, 24
and 96 hours post treatment as described in section 2.2. Total DNA was extracted as
described in section 2.4.1. Real time PCR was carried out using SYBR green to determine
any changes in mitochondrial genome frequency. An equal amount of DNA was added to
each PCR reaction. PCR was carried out on HPV -G mtDNA using primer sets R T-Mito to
amplify a conserved region of the mitochondrial genome and

~

actin to amplify a region of

this gene as a nuclear control (see table 2.8 for list of real time PCR primers). It was
confirmed post amplification that only one PCR product was produced, using melt curve
analysis (Figure 3.23B). A significant increase in mitochondrial genome frequency was
first observed in HPV-G cells 24 hours post direct and ICCM treatment. However, ICCM
values were lower than those of direct irradiation (Figure 3.24A). At 96 hours post direct
treatment the increase in genome frequency was maintained, although this was not
comparable with results at 96 hours post ICCM treatment, where it was observed that
mitochondrial genome frequency was not significantly greater than control. This would
infer that the increase in mitochondrial genome number observed post ICCM is transient
where as the increase post direct radiation is sustained (Figure 3.24A).

In HPV-G cells 96 hours post direct exposure to 0.5 Gy and 5 Gy, mitochondrial genome
frequency was significantly greater than that of control cells. However, the most noticeable
effect was observed following 5 mGy exposure, where mitochondrial genome frequency
was approximately 3.5 fold that of control cells (Figure 3.24B). An increase in
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Figure 3.23: An example of a typical Real-Time peR amplification plot and melt curve data analysis
Products were amplified from total DNA isolated samples. (A) shows typical amplification curves achieved
through real time analysis of total amount of double stranded DNA (y axis) against PCR reaction cycle (x axis).
(B) Standard dissociation (or 'melt analysis') curves are achieved by slowly raising the temperature of each
sample through 66 to 96°C while continuously recording the rate of double stranded DNA dissociation. Single
peak confirms that only one PCR product was formed and the corresponding temperature gives may be
interpreted to give an approximately size the product. Each line is representative of individual samples analysed
and replicates can clearly be observed.
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Figure 3,24: Mitochondrial genome frequency in HPV-G cells using Real-Time peR.
Cells were harvested (A) 4, 12, 24 and 96 hours post 5 Gy and 5 Gy ICCM treatment and
(B) 96 hours post 5 mGy, 0.5 Gyand 5 Gy treatment. DNA was isolated and PCR was
carried out using SYBR green and primer combinations RT-Mito (FIR) and ~ actin (FIR) . Ct
values were calculated and ~~Ct formula was calculated. * denotes statistical significance
when p:::::; 0.05. Results are representative of triplicate experiments.
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mitochondrial genome frequency was also observed 96 hours post exposure to ICCM
treated cells, though not as pronounced as in HPV -G cells 96 hours post 5 mGy direct
irradiation (Figure 3.24B).

130

Chapter 4: Discussion
4.1 Mitochondrial Function
4.1.1 Polarography
Polarographic analysis was used to measure total cellular oxygen consumption rates, which
were confirmed to consist primarily of OXPHOS-related oxygen consumption. To have
first isolated mitochondria from cells before polarographic analysis would have
necessitated the use of over 10 times the amount of cultured cells because mitochondrial
isolation from cells in culture is notoriously inefficient. A decrease in mitochondrial A TP
production is typically compensated for by increasing glycolysis, as is seen in most cancer
cells (Warburg, 1956, Czarnecka et aI., 2007), where OXPHOS is limited by hypoxic
conditions (Rossignol et

at., 2003), though cells in culture, even tumour cells, typically

respire in an oxygen-rich environment. Typical cellular oxygen consumption rates
observed in this study were comparable to those reported previously at 30°C in a range of
animal cultured cells (Ruffieux et aI., 1998) as well as HeLa cells (Vrbacky et aI., 2003)
and C2C12 mouse myoblasts (Minners et

at., 2001). OXPHOS has been confirmed as the

predominant source of cellular oxygen consumption were approximately 90 % of oxygen is
consumed. Isolation of mitochondrial fractions would allow for approximately 100 % of
oxygen consumption levels to be observed as seen in a number of studies using tissue
samples of liver, kidney, brain (Rossignol et aI., 2000) and heart (Suenaga et aI., 2003).
However, mitochondrial fraction preparation is very inefficient from cultured cells and
would have necessitated the use of over 10 times the amount of cells making this technique
extremely labour intensive and not economical.
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Earlier studies have suggested that radiation has little effect on OXPHOS, and if a change
was found, it was due to a secondary factor such as ROS (Battino et aI., 1996, Pham et ai.,
200 I). Battino et al. (1996) reported that radiation could directly induce DNA and
membrane damage. However, analysis revealed no direct changes to mitochondrial
respiratory activities. These authors suggested that the OXPHOS system is quite resistant
to direct radiation and instead OXPHOS damage was mostly likely a result of free radicals
produced through interaction with water molecules at a distance away from their potential
target. In the present study, we identified both radiation and bystander factor(s) induced
loss of mitochondrial function by observing a reduction in oxygen consumption during
both state 3, uncoupled respiration and RCI. A notable observation was the loss of
responsiveness to ADP but not DNP, consistent with the loss of A TP synthase function and
retention of the MMP.
The loss of mitochondrial function in CHO-KI cells 4 hours after exposure to both direct
irradiation and ICCM appeared to be transient at first. If this observation is considered in
the context of the mitochondrial mass results, then what is more likely is that cells, 12 and
24 hours after exposure contained more mitochondria sufficient to more than counter the
loss of oxygen consumption observed at a cellular level.
HPV -G cells showed no apparent loss of mitochondrial function after exposure to either
direct irradiation or ICCM. Similarly, no pronounced loss of responsiveness to ADP was
observed, unlike CHO-K 1 cells. An increase in cellular oxygen consumption was observed
in these cells during uncoupled respiration after ICCM exposure only, along with an
Increase in RCI. When considered in the context of the mitochondrial mass and
mitochondrial genome frequency data, this would suggest that these cells did contain
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dysfunctional mitochondria, but the loss in oxygen consumption per mitochondrion was
therefore more than compensated for at a cellular level.
Wallace et al. (2005) reported that approximately 25 % of mtDNA variations through
evolution have adapted functional roles such as maximising tightly coupled OXPHOS.
Although, when variations of substantial threshold levels occur, this may result in loss of
functional components of the electron chain with the overall OXPHOS pathway being
affected. Davey and Clarke (1996) found that up to 72 % of complex I activity could be
lost before any effect is manifest in the overall flux through this pathway. Therefore,
damage to one or more of the enzymes of OXPHOS is likely to have been substantial to
induce the loss of oxygen consumption observed in this study.

4.1.2 Enzyme Kinetic Assays
Enzyme complex assay is a sensitive tool for determining mitochondrial dysfunction.
Previous studies have relied on this technique to examine mitochondrial function in
mitochondrial myopathy and age related studies (Chinnery et aI., 2002, Schon et aI., 1997,
Lesnefsky et aI., 2003, Blanco et aI., 2004, Palacino et aI., 2004).
Complex I analysis was excluded as this assay cannot be accurately performed in whole
cell fractions due to non-mitochondrial NADH-quinone oxidoreductase activity and
limited permeability of substrates to complex I. The complex I assay can only be
accurately performed on mitochondrial fractions (Chretien et aI., 2003). However, as
previously mentioned mitochondrial fraction preparation is very inefficient from cultured
cells and would have necessitated the use of over 10 times the amount of cells. Complex II
and III assays were pooled for analysis as the complex III activator, ubiquinone, is
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prohibitively expensive and very hard to source. Instead, by pooling complex II and III
together, it is possible to activate complex II to drive the ubiquinone source that is already
in the mitochondrial membrane for complex III analysis.
In this study an interesting pattern was identified in the individual functionality of the
enzymes of OXPHOS following direct radiation in the two cell lines examined. Both were
found to have a low level of activity in complex IV which did not recover with time. This
result compares favourably with previous studies on age associated mitochondrial
dysfunction (Chinnery et aI., 2002, Schon et aI., 1997, Lesnefsky and Hoppel, 2003).
Schon et al. (1997) found all complexes were affected by age, however complex IV was
observed to be the most affected.
This study indicates that the sensitivity of complex IV to damage by 'Y radiation is much
lower than the other enzyme complexes. Letellier et a!. (1994) reported that complex IV
activity had to exceed a critical value of75 % inhibition before a decrease in mitochondrial
respiration could be observed. While studies on different muscle fibres have confirmed that
the proportion of mutated mtDNA varies between muscle fibres and only mtDNA
containing mutations over threshold levels displayed a deficiency in complex IV activity
(Petruzzella et a!., 1994, Mos1emi et ai., 1998).
In CHO-Kl cells activity decreased as a dose dependent response at 4 hours post treatment
in all enzyme complexes which was followed by a recovery in enzyme function occurring
at 12 hours post treatment with the exception of complex IV post direct treatment. In HPVG cells, only complex V analysis at 4 hours post direct treatment showed a similar dose
dependent response pattern as seen in CHO-K1 cells. HPV-G analysis for complex II-III
showed that enzyme activity levels had a more immediate increase at the lower doses in
both direct an ICCM treated cells with delayed responses observed at 5 Gy post treatment.
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Decreases in OXPHOS activity along with increases in mitochondrial mass have been
reported. Blanco et al. (2004) showed a correlation between ageing individuals over 40
years suffering from osteoarthritis (OA) and mitochondrial dysfunction. These authors
reported that significant decreases were observed in complexes I, II and III activity along
with increased mitochondrial mass, apoptotic bodies, bcl-2, caspases 3 expression and NO.
A decrease in the MMP was also noted. The findings in this study correlate with what has
been previously reported,

namely

enzyme activity is reduced in

dysfunctional

mitochondria. However, unlike other studies which examined enzyme activity as a single
time event in certain diseases and age related studies, this project focused on analysis as a
time course following direct radiation and ICCM treatment. It would have been interesting
to compare the results from this study with other time course studies, to determine if
changes or recovery of enzyme activity occurred at different stages of disease, but this was
simply not feasible.

4.1.3 Mitochondrial In Organello Protein Synthesis
Mutations may impair synthesis or a change in translation of one, several, or all of the
thirteen polypeptides that make up OXPHOS (DiMauro, 2004, Rossignol et

at.,

2003).

Mutations in mtDNA may result in the production of a premature stop codon, a random
mutation at the ribosomal active recognition site, on a tRNA gene, rRNA gene or gene
region coding for either the active or folding region of the protein. It has been shown that a
single point mutation in human mitochondrial tRNA Met induced the mitochondrial
myopathy LHON's disease (Jones et ai., 2008), resulting in severely abnormal
mitochondria with OXPHOS defects.
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In this study mitochondrial protein synthesis was used to assess mitochondrial dysfunction.
This technique has been used to identify mitochondrial disorders such as MERRF (Hanna

et aI., 1995) and MELAS (Chomyn et al., 1992). Van et al. (2005) reported that the
A 1491 G/ C 1409T mutation associated with deafness displayed reduced expression of
CYTB and COX I and mitochondrial protein synthesis was almost completely abolished.
In the present study, irregular mtDNA-directed protein synthesis was identified in both
CHO-K1 and HPV-G cells post direct irradiation and ICCM treatment. Irregular protein
synthesis is detected as the absence of a band, changes in band intensity or shifting of a
band when compared to patterns that have derived from mitochondrial control cells. These
polypeptides are identified over non-mitochondrially encoded proteins by incorporating
biotinylated lysine into nascent mtDNA encoded proteins only.
The most noticeable observation using this technique was irregular synthesis as early as 4
hours post treatment in CHO-K 1 cells and 96 hours post treatments in HPV -G cells. This
suggested HPV -G cell response was not as immediate as observed in CHO-Kl cells.
However, HPV-G cells appear more sensitive than CHO-Kl cells to lower doses, as
proteins synthesis was severely reduced. This is in contrast to mitochondrial genome
frequency and mitochondrial mass analyses which show significant increases in mass and
genome frequency at the lower doses. These results further support previous suggestions
that increased mitochondrial mass is correlated with damaged organelles. Furthermore, in
HPV-G cells 96 hours post 0.5 Gy irradiation, COl and C02 protein synthesis was
affected. However, synthesis of two irregular sized proteins

(~50

and 15 kDa) was

observed. One possible explanation is the occurance of a deletion spanning regions
encoding both COl and C02 or mutation(s) giving rise to a premature stop codon
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occurring in the polypeptide sequence of CO I and C02. Therefore, protein synthesis of
CO 1 and C02 were smaller, resulting in a change in band migration.
In CHO-KI cells mitochondrial protein synthesis was affected with a loss as early as 4
hours post treatment, followed by a recovery. These results are in agreement with
polarographic analysis with significant though transient loss of oxygen consumption rates
observed as early as 4 hours, while delayed effects were observed in the HPV -0 cells.

4.2 MtDNA Damage
4.2.1 Restriction Fragment Length Polymorphism Analysis
The RFLP technique determines if small genomic deletions are present. Small deletions
cannot be resolved by electrophoretic separation using large DNA fragments. However, if
the genomic sequence is restriction digested and separated on an agarose gel, resolution of
small deletions is achievable. If a small deletion is present, a change in band migration
would result. In this study, 8 sets of primers were used to amplify the entire mitochondrial
genome in HPV -0 cells and 2 sets of primers were used to amplify two

~ 1000

bp regions

of the CHO-KI genome. Restriction digests did not identify any small deletions within
either directly irradiated or ICCM treated cells. Although, this was most likely not due to
the absence of damaged mtDNA but more likely due to the limitation of this technique. In
HPV-G mtDNA, one polymorphism, which was most likely a point mutation at the
recognition site of the restriction enzyme, was found at 24 hours post 5 Oy direct
irradiation in the genome region associated with primer H3. Oenes which encode for COX
I and COX II polypeptides involved in OXPHOS along with 3 of the 22 mitochondrial
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tRNAs are found within this region. This result was not reproducible; suggesting that either
small deletions were not present or the main damage associated with the mitochondrial
genome is point mutations and large deletions. However, a more likely explanation is that
this technique is not very efficient at identifying small deletions. This is because the insensitivity of RFLP requires a deletion frequency higher than that induced in any exposed
cells in this study. Other methods such as single nucleotide polymorphism (SNP) and bidideoxy fingerprinting could prove more reliable. Both techniques are extremely sensitive
and can detect a single base nucleotide change. However with SNP, the location of the
polymorphism must be known, while bi-dideoxy fingerprinting is expensive, requiring the
use of radioactive probes and sequencing gels, making these two techniques less
convenient. Instead, as an alternative, two other molecular based PCR techniques: CD
analysis and long range PCR analysis, were employed to determine if direct irradiation and
ICCM exposure could induce mtDNA deletions (described in sections 4.2.3 and 4.2.4).

4.2.2 Single Strand Polymorphism Analysis
Mutations of mtDNA have been established as a primary contributor to conditions such as
prostate cancer (Jeronimo et al., 2001), breast cancer (Tan et aI., 2002, Zhu et aI., 2005,
Yu et aI., 2007), thyroid cancer (Witte et a!., 2007), oral cancer (Tan et aI., 2004),
esophageal cancer (Tan et a!., 2006) and in cells following UVC exposure (Pascucci et a!.,
1997). Wardel et al. (2003) observed malignant cells in colorectal cancer had an altered
phenotype due to mutations in the mtDNA.
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Mutations were found in this study to be induced in the mitochondrial genome by both 5
Gy direct irradiation and by exposure to bystander factor(s) obtained from cells exposed to
5 Gy. However, no mutations were identified by lower doses of direct exposure or ICCM.
This does not concur with trends seen in previous analyses of low level radiation and
bystander studies, namely that the bystander effects appear uniform irrespective of the
original dose. Instead for the induction of point mutations, we may well be observing an
increase in bystander factors at the higher dose of 5 Gy leading to induced point mutations.
While at the lower doses of 0.5 Gy and 5 mGy the level of bystander factors was not
sufficient to reach threshold levels and induce point mutations.
Both the Cox 11 and 0 loop regions of the CHO-Kl cells showed mutations. One area on
the human genome was identified that could be considered a 'hot spot' region of mutation
induction, namely the region covered by primer H8, which includes the 0 loop region of
this genome. This finding correlates with what has been well reported recently, namely that
the induction of point mutations in mtDNA pre-dominates in the D loop region (Tan et at.,
2004, Tan et at., 2002, Nomoto et at., 2002). Pang et al. (2008) reported that 43.5 % of
point mutations were detected within in the 0 loop region following X irradiation on
nasophoryngeal carcinoma (NPC) tumour samples. They also reported that apoptosis and
the CO increased in a time and dose dependent manner. However, the level of point
mutations remained the same. Tseng et al. (2006) conducted a survey on breast cancer and
reported that 1/3 of somatic mutations of this disease were found in the D loop location.
These authors also observed a correlation with increasing number of mutations and age (>
50 years), lack of the oestrogen and progesterone receptors and a decrease in mtONA copy
number. These patients also had less chance of disease free survival. Tan et al. (2006)
reported that 64 % of somatic mutations were found in the D loop region following a study
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carried out on esophageal cancer. Mutations were also identified in the coding regions of
ND4L, A TP6 and ND4 genes, respectively.
In this study, mutations were not directed to specific loci, as replication of the induction of
a mutation at the same loci proved difficult. However, reproduction of mutation induction
in the same genomic region was achieved, demonstrating the non consistent loci of point
mutations consistently initiated in this region.

4.2.3 MtDNA Deletion Analysis
This study has identified the induction of a relatively novel 4,881 bp deletion increasing in
frequency with time after exposure to radiation and 'bystander' factor(s). Mitochondrial
genomes which bear the deletion are seen to increase with time after both direct irradiation
and exposure to ICCM, although the response is more immediate after direct irradiation.
In the case of direct irradiation, lower doses appeared more potent although ICCM derived
from the three irradiation doses employed appeared equipotent. This would concur with
trends seen in previous analyses of low level radiation and bystander effects, namely that
the strength of the bystander effect appears similar irrespective of the original exposure
dose (Seymour and Mothersill, 2000). The increase in the frequency of this large deletion
which accounts for a reduction in genome size by

~30

% could be due either to the ability

of the DNA replication machinery to copy this reduced genome faster than an intact
genome (Yen et aI., 1991, Lee et aI., 2007) or to a reduced degradation rate of
mitochondria containing damaged genome(s) (Kowald, 1999). The deleted region includes
genes encoding ATP synthase FO subunit 6, Cytochrome c oxidase subunit III, NADH
dehydrogenase subunit 4L, NADH dehydrogenase subunit 4, NADH dehydrogenase
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subunit 5 and 5 tRNAs. Should the accumulation of this deletion continue then the
implications would have serious consequences for the viability of the distant progeny.
Mitochondria can carry significant heterogeneity without loss of function. However,
eventually a threshold will ultimately be reached with the accumulation of depleted
genomes leading to alterations in mitochondrial protein synthesis and A TP production. A
self perpetuating cycle will place a strain on cell progeny with increasing production of
free radicals eventually leading to mutation accumulation which that will breach threshold
levels and compromise the viability of the cell.
This is a relatively novel deletion and there has been only one previous report to date of
this deletion (Zhang et aI., 1995).
Given the proximity of this deletion to the CD and the fact that it was identified using
primers chosen to flank the CD, the sequencing of the PCR products remains essential and
indeed even the use of nested primers to identify the CD may now be called into question
if not also accompanied by DNA sequencing. The induction of the CD in primary
fibroblasts by ionizing radiation has been reported previously by Prithivirajsingh et al.

(2004), although the minimum dose at which levels were examined in this study was 2 Gy
and cells were shown to have pronounced radiosensitivity. Wang et al. (2007) reported that
the induction of the CD occurred in a human hepatoblastoma cell line after 24 hours
following 5 Gy or 10 Gy X radiation or H 2 0 2 indicating its induction is associated with
ROS.
The trend of deletion accumulation is not the same for all cell types, and appears to
predominate only in cell types that are slowly dividing, such as in muscle and nervous
tissue (Corral-Debrinski et a!., 1992, Gattermann et al., 1995, Bogliolo et a!., 1999). Koch

et al. (200]) found that the frequency of the CD induced by UVA in keratinocytes reduced
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with time after exposure. Indeed the CD may not be the best marker of human ageing or
mitochondrial damage it was once thought to be, as suggested by Bodyak et al. (2001) and
Thayer et al. (2003) who observed other deletions more abundant than the CD in many
tissues, suggesting that mtDNA 4977 is not so deserving of the title 'common'. Evidence has
also accumulated to indicate that the locus of the deletion induced depends on the nature of
the insult. Recent reports show the accumulation of a 3,895 bp deletion following UV
exposure on sun damaged skin (Krishnan et al., 2004, Harbottle and Birch-Machin, 2006).
Using the same sun exposed skin samples Krishnan et al. (2004) found that accumulation
of the 3,895 bp deletion was much higher with increasing sun exposure than the CD. Wang

et al. (2007) has reported a 4,934 bp novel deletion which appears more sensitive than the
CD following X or y rays, a particles and neutrons, although the deletion could not be
detected following H2 0 2 treatment. In this study, 12 sets of deletion primers were
employed in an attempt to evaluate the induction of other mitochondrial deletions,
perceived to be more frequent. None were identified, except for the novel 4,881 bp
deletion, suggesting that either low dose y irradiation and ICCM treatment induced only
this particular deletion, or our technical approach and design was not sensitive enough to
detect others.
The trend that mitochondria containing deleted mtDNA increase in frequency with time
compared with wild-type mitochondria (Diaz et al., 2002) would suggest that once a
mitochondrion contains one or more reduced genomes, it is only a matter of time before a
threshold fraction of genomes are similarly affected and the efficiency of that cell and its
progeny is compromised.
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4.2.4 Long Range peR Analysis
The mitochondrial genome is relatively small

(~ 16

Kb) in size when compared to the

nuclear genome. It is therefore possible to analyze the entire mitochondrial genome by
conventional long range PCR, providing a rapid method for detecting non-specific large
deletions. In this study, no large deletions were detected using this technique within either
directly irradiated cells or ICCM exposed cells. PCR elongation times were systematically
reduced to bias the amplification of deleted genomes over wild type genomes. However,
the in-sensitivity of this technique required a deletion frequency higher than that induced in
any exposed cells in this study. Unexpectedly, though this technique did provide a marker
for what we termed 'non-specific global mitochondrial genome damage'. No change in
PCR efficiency was observed until 96 hours post direct exposure. This suggests that
damage continued to accumulate post exposure, finally manifesting as reduced long range
PCR efficiency 96 hours later, but only post higher doses of direct radiation. At 96 hours
post ICCM treatment no loss of long range PCR efficiency was observable nor at 96 hours
post 5 mGy direct treatment. However, efficiency of PCR product amplification was seen
to be severely reduced by 96 hours post 0.5 Gy and 5 Gy direct treatments. This suggests
that both a threshold level of exposure is required as well as a threshold of time post
exposure before this damage is manifest at a detectable level.
When these results are compared to short-range product amplification, where we found
that mitochondrial genome frequency increased, it may be concluded that this loss of long
range PCR efficiency is an effective marker for ' global mtDNA damage' likely resulting
from SSBs and DSBs.
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4.3 Mitochondrial Mass and Genome Frequency

4.3.1 Mitochondrial Mass Analysis
The precise mechanisms that control the rate of mitochondrial proliferation remain to be
fully characterised. A number of proposals have been suggested for why proliferation is
elevated when mitochondria are dysfunctional. It has been suggested that compromised
mitochondrial function may induce a response to activate mitochondrial biogenesis as a
compensatory measure (Limoli et ai., 2003). Increased mitochondrial number have
previously been reported in association with a deficiency in OXPHOS resulting in low
production of ATP per mitochondrion (Blanco et aI., 2004), as a mechanism for coping
with oxidative stress (Lee et aI., 2005) and cell cycle arrest (Sweet and Singh, 1999,
Mancini et aI., 1997, Spodnik et aI., 2002). Indeed, Mancini et ai. (1997) has suggested
that mitochondrial dysfunction could be a targeted or programmed event using a redox
sensitive response controlling mitochondrial proliferation. In this study, an increase in
mitochondrial mass in CHO-Kl cells with time after both direct radiation and ICCM
exposure was observed; with levels peaking 24-96 hours later at comparable levels in both
directly irradiated and TCCM treated CHO-K 1 cells. It must be noted that mitochondrial
mass measurements, as determined in this study, are dependent on the absence of both
pronounced irregular cell size formation and pronounced variation in thiol residue
availability. Changes in mitochondrial size and or variation in residue availability may
have an impact on accurate measurements, and highlight the shortcomings of this
investigative technique. However, to date there has been numerous previous reports
detailing MitoTracker FM use in mitochondrial mass analysis (Kim et aI. , 2007, Maguire

et aI., 2005, Limoli et ai., 2003, Lee et aI., 2005, Spodnik et aI., 2002). Further
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experimental approaches may also be used to strengthen MitoTracker FM data analysis.
These include molecular PCR based techniques which determine mitochondrial genome
frequency or transmission electron microscopy which allow the visualisation of individual
organelles per cell and also permitting giant mitochondria formation detection. In CHO-Kl
cells mitochondrial mass was also observed to increase in a dose-dependent manner after
direct irradiation although, it was independent ofICCM dose.
In HPV-G cells mitochondrial mass peaked at 12-24 hours after exposure, with increases
after ICCM exposure being significantly less than after direct irradiation. Indeed,
mitochondrial mass was observed to increase in an inverse dose-dependent manner, with
the remarkable observation of a 4 fold increase in mitochondrial mass after 5 mGy direct
irradiation and a 2 fold increase from that observed in cells after either 0.5 Gy or 5 Gy.
This compares favourably with HPV-G cell mtDNA deletion data which indicates that
HPV -G cells are most sensitive to the lower direct y radiation dose when examined 96
hours after exposure. Maguire et al. (2005) observed a similar increase in HPV -G cell
mitochondrial mass after exposure to ICCM that was dependent on dose and suggested that
the expression of BCL2 was linked to a loss of mitochondrial proliferation.
This increase in the rate of mitochondrial proliferation is likely a cellular response
mechanism to counteract the loss of mitochondrial function and to recover A TP synthesis
capacity. However, this is undoubtedly a short-term gain, because in the long term, an
increase in mitochondria are a strain on the cell because of the resources needed to sustain
this accelerated proliferation but also are likely to provide for a substantial increase in free
radicals originating from these misfiring mitochondria. A self-perpetuating cycle may
result because an increase in ROS is a reported stimulus of mitochondrial proliferation
(Lee et aI., 2005, Karbowski et aI., 2001). There appears to be a threshold of insult to the
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mitochondria above and below which not only the amplitude of response but also the
nature of the response is different. CHO-Kl cells appear more radiosensitive than HPV-G
ce1ls in the context of mitochondrial damage, but the amplitude of the HPV -G cell
response is greater than that seen in CHO-K 1 cells in the context of the cellular response of
increasing mitochondrial mass. It has also been reported previously that the bystander
effect is more pronounced in irradiated HPV-G cells than in irradiated CHO-Kl cells when
cell survival is used as an end point (Mothers ill et ai., 2000, 2004, Vines et ai., 2008). This
result demonstrates the greater cellular sensitivity HPV-G cells display to low dose
bystander factors when compared to CHO-Kl cells. An observation which can be similarly
observed in terms of changes in mitochondrial function in this study. The maximal CHOKl mitochondrial mass after exposure to 5 Gy ICCM was comparable to that after 5 Gy
direct irradiation, whereas the maximal HPV-G mitochondrial mass after 5 Gy ICCM was
lower than after 5 Gy direct irradiation. Instead for HPV -G cells the amplitude of response
appears much higher at the lower doses. It therefore appears that a specific relationship
exists between bystander factor induced cell death and altered mitochondrial function,
which is driven by the cellular sensitivity of a cell. This may activate a cellular stress
signal to trigger mitochondrial proliferation as an energy compensatory measure within a
damaged cell. Hence, using this pathway as an alternative to cope with existing damage
before cellular recognition determines, damage accumulation so severe that the ce1l is
committed to apoptosis.
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4.3.2 Semi Quantitative peR Analysis

Semi quantitative PCR was used to determine if low level y radiation and ICCM treatment
induced mtDNA damage in HPV-G cells. In this study, we found that 'Bystander' factor(s)
induce changes in mitochondrial genome frequency with efficiency similar to that of direct
radiation at doses as low as 5 mGy and as soon as 12 hours after exposure when measured
by semi quantitative PCR. Previous damage to the mitochondrial genome from low level y
radiation and ICCM has also been shown in this study to include point mutations and the
induction of a relatively novel 4,881 bp deletion. The response of cells sustaining damage
to mtDNA appears to increase the number of mitochondria per cell. It was observed that
cells irradiated with 5 mGy, 0.5 Gy and 5 Gy 96 hours post exposure had a dose dependent
increase in genome frequency with an observation of a 3 fold increase after 0.5 Gy and 5
Gy direct treatment. Post ICCM treatment increased in a dose dependent manner; however
values were less than directly treated cells. An increase in mitochondrial genome
frequency with time was observed; with levels peaking 96 hours later at comparable levels
of

~2

fold in both direct and ICCM treatment cells.

This would compare favourably with such findings of Limoli et al. (2003), who found
elevated numbers of mitochondria in cells suffering from mitochondrial dysfunction
resulting from radiation exposure. Maguire et al. (2005) has also recently shown elevated
numbers of mitochondria in cells after exposure to ICCM. It is thought that dysfunctional
mitochondria may be at a replicative advantage resulting from either a depleted genome
replicating faster or the formation of new damaged organelles (Linnane et aI., 1989,
Wallace, 1989, Arnheim and Cortopassi, 1992). However, Kowald (1999) has previously
suggested that cells with dysfunctional mitochondria tend to have elevated numbers of
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mitochondria per cell. This is due to a delayed degradation rate and not as a result of a
cellular response that up-regulates mitochondrial proliferation nor as a result of reduced
replication time of a depleted genome. The increase in the number of mitochondria
observed in this study is also a likely result of a stress response that up-regulates
mitochondrial proliferation, given the short time scale in which the increase was observed.
One technique to confirm whether increases observed in this study were due to
mitochondrial proliferation would be to measure DNA polymerase y activity in these
populations.
However, increases in mitochondrial genome frequency observed in this study are not
entirely consistent with mitochondrial mass data which show an inverse dose dependent
response. Furthermore, it is important to note that semi-quantitative peR has its
limitations, as analysis

IS

based on the final peR product and may contain several

variations. A more powerful molecular biology tool is real time peR which measures
fluorescence intensity correlating to increasing peR product. This approach became
available towards the end of this project and was used to further analyse mitochondrial
genome frequency (See section 4.3.3 below).

4.3.3 Real Time peR Analysis
Alterations in mitochondrial genome copy number are frequently observed in many
cancers (Tan et at., 2006, Kurtz et at., 2004, Tseng et al., 2006, Yu et al., 2007). Tan et al.
(2006) reported that an increase of mtDNA copy number in esophageal cancer was found
in some tumours while a decrease was found in others. These authors also reported that no
significant correlation was observed between copy number and mtDNA mutation load.
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Instead there appeared to be an inverse relationship in mtDNA content and tumour size.
However, other studies found that a significant decrease in mtDNA copy number was
associated with cancers such as breast cancer (Tseng et al., 2006, Yu et ai., 2007), prostate
cancer and colon cancer (Lee et aI., 2007). In this study, mitochondrial genome frequency
analysis was initially carried out using semi-quantitative PCR. However this conventional
method is not very reliable as explained above. As an alternative, mitochondrial genome
frequency was also confirmed using real time PCR. These values are largely in parallel
with mitochondrial mass data. Increases in mitochondrial mass may counteract loss of
function and recover ATP synthesis capacity. An increase in mitochondrial genome
frequency occurs in a dose dependent manner after direct irradiation although is
independent of ICCM treatment. The increase in genome frequency was also seen to
increase in an inverse dose dependent manner with a 3.5 fold increase obse"rved after 5
mGy direct irradiation. Again this data is in context with our deletion analysis which
suggests that mtDNA is most sensitive to the lower direct y radiation dose when examined
96 hours later for the induction of the mtDNA 4881 deletion. This increase in mitochondrial
genome frequency may arise through a replicative advantage that depleted genomes may
possess. Though, this is only a short term gain as an increase in depleted mtDNA may lead
to irregular protein synthesis and will further induce the production of free radicals adding
further insult to the cell. As mentioned previously due to the time frame required and
unavailability of equipment until the end of the study, the use of this advanced molecular
biology research tool was regrettably limited.
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4.4 Summary
In summary, the combination of polarography, enzyme kinetics, in-organella protein
synthesis and molecular biology techniques have highlighted the extensive mitochondrial
dysfunction and mtDNA damage sustained in cells post radiation and ICCM treatment.
Furthermore, this study has served to identify the heretofore unreported sensitive nature of
the mitochondrion to very low level radiation exposures and ICCM.
In recent times, mitochondrial function has been shown to have an important role in the
production of a bystander response. Mothersill et at. (2000, 2002) has shown that the
energetic status of mitochondria, namely their capacity for ATP synthesis, is a potentially
critical factor in the bystander effect. This finding has led other radiobiologists to study
this small but crucial cell organelle. Indeed, Tartier et al. (2007) reported that
mitochondrial function was required for radiation and bystander factors to induce p53
binding protein (53BPl) foci. Zhou et at. (2008) and Hei (2006) suggest a loss of
mitochondrial molecular components make individual cells more susceptible to damage.
These research groups have focused on the effects of loss of mitochondrial molecular
components on bystander induction.
In this study two individual cell lines, a human epithelial keratinocyte and hamster ovary
cell line, were examined to determine if the effects of direct irradiation and bystander
signals were similar on mitochondrial function and mtDNA damage.
The cell lines in this study showed a wide variety of radiation-induced mitochondrial
abnormalities including loss or impairment of mitochondrial function, induction of point
mutations, induction of a novel deletion and changes in mitochondrial mass and genome
frequency.
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It was shown that while the direct response and bystander response were similar in each

cell line, this was not the case when both cell lines were compared. In general, the
mitochondrial population of CHO-Kl cells appeared more radiosensitive than those of
HPV -G cells in terms of an earlier response to damage. However, response in HPV -G cells
was greater than that seen in CHO-KI cells, with HPV-G cells appearing more sensitive
especially to the lower doses. This is not surprising as no two cell types are the same with
genetic and epigenetic factors contributing to how a cell will react following an initial
insult. Furthermore, it has also been reported previously that the bystander effect is more
pronounced in irradiated HPV -G cells than in irradiated CHO-K 1 cells (Mothersill et a!.,
2000, 2002, Vines et a!., 2008). These results must also be considered in the context that
the energetic status of mitochondria, namely their capacity for A TP synthesis, has been
observed to be a potential critical factor in the bystander effect (Mothersill et a!., 2000,
2002, Vines et al., 2008). With this in mind it is notable that irradiated HPV-G cells
showed increased oxygen consumption when ADP was added, whereas irradiated CHO-K 1
cells showed no increase when ADP was added. This would indicate a loss of A TP
synthase activity (and not a complete loss of membrane potential). It is therefore likely that
this retention of A TP synthase activity in HPV -G cells and not CHO-K 1 cells is a
contributory factor in HPV -G cells demonstrating a more pronounced bystander effect than
CHO-KI cells. An important observation was that even with both cell lines displaying
different amplitudes of response, the overall end results appeared to be quite similar. This
observation was not surprising and is supp0l1ed by studies based on whether GJIC was
involved in the transfer of the signal. Some groups support an important role of GJIC for
propagation of the bystander effect, while others groups disagree. Mothersill and Seymour
(2001) suggested that the signal and pathway may display different modes of action even
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though the end points are similar. This statement is in agreement with the findings of this
study.

Another important observation in this thesis was that no dose examined was too low to
induce a response in either cell type. These findings concur with trends seen in previous
analyses of low level radiation and bystander effects, namely that the strength of the
bystander effects appear similar irrespective of the original exposure dose (Seymour and
Mothersill, 2000). Furthermore, it was shown that a threshold of damage exists where the
response depended on whether the level of insult was above or below a certain threshold
level. The three aspects to threshold levels observed were: 1) threshold of insult severity 2)
threshold of mtDNA damage before loss of function and 3) threshold of loss of function of
individual complex before an effect on overall OXPHOS function was observed. The first
threshold phenomenon is intriguing as the nature of the mitochondrial response changes
above and below the threshold, and not simply the amplitude as naturally anticipated.
Indeed, factors governing the latter two threshold phenomena may be due to the origin of
the mutation, energy demand of the cell, ageing, organization, composition and content of
the enzyme complexes (Rossignol et at., 2000, 2003).

Here, the non-uniform sensitivity to damage following low level direct irradiation and
bystander factor(s) in the mitochondrial popUlations of the two cell lines examined was
highlighted. When the mitochondrial function data in cells exposed to direct radiation are
considered in the context of previous clonogenic analysis of these cell types exposed to 5
Gy direct y radiation, where cell death was equal in both HPV-G and CHO-Kl cells
(Mothersill et at., 2002, Vines et at., 2008), no direct correlations may be drawn. This
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suggests that the radiosensitivity of cells as determined by clonogenic survival may not
necessarily be indicative of the radiosensitivity of the mitochondria contained therein.
Mitochondria are known as pivotal organelles in the apoptotic cascade induced by ionising
radiation and exposure to bystander factors (Taneja et aI., 2001, Lyng et aI., 2002).
Therefore, this would suggest that a specific relationship does not exist between the cell
death mechanism and mitochondrial functional radiosensitivity in these cell lines.
However, it is important to note that even though this functional data analysis proposes
that mitochondrial induced damage may not play a significant role in short term effects
post irradiation, further investigations are merited. This would include analysis of long
term viable cells post exposure, were it would be expected that mitochondrial damage
accumulation would breach threshold levels and an overall cellular response would
escalate. It would also be beneficial to carry out flow cytometry studies which would allow
mitochondrial damage analysis to be examined in correlation with cell death, hence
confirming if cell death mechanisms playa role.
Furthermore, it would be of interest to compare our functional mitochondria data versus
clonogenic survival analysis to other similar cell line studies post radiation! bystander
effect. This would determine if mitochondrial radiosensitivity followed similar trends.

Indeed, most mitochondrial diseases are due to damaged mtDNA manifesting as a defect
within OXPHOS. Shukla et al. (2003) have shown that mtDNA damage was more
sensitive than nDNA when induced by asbestos. This theory has further been supported by
Wang et al. (2007) who has suggested that mtDNA appears to be more sensitive as an
indicator of DNA lesions induced by genetic insults than nDNA. In this study the initiation
of induced point mutations predominating in the marker region known as the D loop was in
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agreement with other studies. The identification of a large novel 4,881 bp deletion
accounting for more than 30 % of genome size and recent reports of an accumulation of a
3,895 bp deletion following UV exposure (Krishnan et al., 2004, Harbottle and BirchMachin, 2006, Wang et al., 2007) suggest not all deletions are destined to induce the
standard maker for mtDNA damage namely, the CD. Instead, these results suggest the type
of deletion induced depends on the nature of the insult more than its intensity. Testing for
this 4,881 bp deletion may prove more reliable as an mtDNA damage marker in future low
dose y irradiation studies.
Another striking result that, to the best of our knowledge has not previously been reported
before, was the development of a marker for what was termed 'non specific global
mitochondrial damage'. This marker identified extensive damage, with loss of integrity in
DNA samples resulting in a decrease in PCR efficiency. This was most likely due to SSBs
or DSBs. Further characterisation of this marker could include the addition of ROS
scavengers post exposure to observe if effects are negated. The scope also exists to develop
a modified Comet assay approach for the mitochondrial genome. We anticipate that this
tool can be used as a quick, convenient and cheap way of detecting pronounced mtDNA
damage.

Overall, results from this study suggest that loss of mitochondrial function and genome
damage may have serious implications, for the long term viability of mitochondria
contained in the distant progeny of cells that survive radiation. Ifwe extrapolate, from data
recorded from 4 to 96 hours post exposure, then this increase of damaged genomes and
inefficient OXPHOS systems would eventually breach threshold levels. This would lead to
alterations in mitochondrial protein synthesis and a decrease in A TP production which
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would ultimately affect general cell maintenance. A self perpetuating cycle will place a
strain on future progeny with increasing production of free radicals, eventually leading to
mutation accumulation and nuclear DNA damage. Future research to confirm this is
certainly warranted and could include testing mitochondrial function and genome damage
accumulation many generations later (exposing the progeny of exposed cells weeks or
months).
In general, it can be observed that the effects of ionising radiation/ bystander factors have
many target cellular components that can initiate damage within a cell. These include
nuclear damage, destruction of cell membrane structures and damage to individual cell
organelles. In order for such damage to escalate, a range of cellular responses must be
activated within a damaged cell. In this study, we examined mitochondrial dysfunction and
genome damage post direct radiation / bystander factor(s). It was observed that
mitochondrial changes reported here, which include loss of mitochondrial function,
induced mitochondrial genome damage and an increase in mitochondrial proliferation, may
well contribute significantly to radiation induced cellular responses.
An increase in mitochondrial damage will ultimately decrease A TP production, while also
increasing cellular free radicals from an inefficient OXPHOS system. This will ultimately
lead to an increase in oxidative stress, which may damage the nucleus, cell membranes and
other cellular organelles. Further potential effects would include the activation of stress
molecules used for cell communication, namely the cytokines TNF-a, ILS,

TGF-~

which

will eventually induce an a inflammatory response. While an increase in dysfunctional
mitochondrial organelles will further enhance free radical production.
This damage accumulation may result in the activation of either one of two cellular
signalling response pathways: (1) repair protein pathways or (2) mitochondrial induced
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apoptosis via the loss of the mitochondrial membrane potential, cytochrome c release and
caspase activation.
However, the time period in which we examined damage post exposure in this study was
too limited for a full impact of our mitochondrial functional changes to be extrapolated to
that which would could expected I predicted in the distant progeny. Therefore, further
studies are greatly warranted in mitochondrial descendants to provide a greater
understanding of the implications of the radiosensitivity of mitochondria long term.
Radiation protection research is now focusing on the direct effects and non targeted effects
of radiation especially in the low dose regions. With emphasis now placed on the
mitochondria as a vital organelle in the production of a bystander response this project has
also led to the development of a range of novel markers of mitochondrial damage which
may be a beneficial resource in future radiation damage and radiation safety studies.
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APPENDIX I

This thesis is based on the following published and submitted papers.

Mitochondrial DNA point mutations and a novel deletion induced by direct low-LET
radiation and by medium from irradiated cells. James E.J. Murphy, Sharon Nugent,
Colin Seymour and Carmel Mothersill. Mutation Research, 585, 127-136 (2005)

Increased mitochondrial mass in cells with functionally compromised mitochondria
after exposure to both direct y radiation and bystander factors. Sharon M.E. Nugent,
Carmel E. Mothersill, Colin Seymour, Brendan McClean, Fiona M. Lyng and James E.J.
Murphy. Radiation Research 168, 134-142 (2007)

Altered mitochondrial function and genome frequency induced by direct y radiation
and 'bystander factors'. Sharon M.E. Nugent, Carmel E. Mothersill, Colin Seymour,
Brendan McClean, Fiona M. Lyng and James E.J. Murphy, to be submitted to Radiation
Research,
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Conference Presentations

Mitochondrial DNA point mutations and a novel deletion induced by direct low LET
irradiation and medium from irradiated cells. Radiation Research Society Conference,
Denver, Colorado, 15-20 October, 2005.

Altered mitochondrial function and replication rate induced by low LET radiation
bystander factor(s). Radiation Research Society Conference, St Louis, Missouri, 23-27
April, 2004.

Mitochondrial DNA damage induced by low LET radiation and bystander factor(s).
Radiation Research Society Conference, St Louis, Missouri, 23-27 April, 2004.

A comparison of the direct and indirect effects of y radiation on mitochondrial
oxygen consumption rates and induction of mtDNA mutations. lCCR, Brisbane,
Australia, 17-22 August, 2003.
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Appendix II
Data for figure 2.3: MitoTracker FM fluorescence linearity with concentration

Data for figure 3.2 and 3.4(A): CHO-Kl oxygen consumption rates and RCI in various respiratory states .

1.743 ± 0.07 1.533 ± 0.24

1.466 ± 0.12

2.156 ± 0.05

2.463 ± 0.08

2.547 ± 0.08 2.823 ± 0.27

2.272 ± 0.08 1.500 ± 0.20

1.466 ± 0.13

2.230 ± 0.06

2.963 ± 0.28

2.983 ± 0.23 2.693 ± 0.06

3.096 ± 0.08 2.466 ± 0.38

2.266 ± 0.17

3.376 ± 0.15

3.320 ± 0.22

4.163 ± 0.38 4.846 ± 0.24

1.312 ± 0.05 0.993 ± 0.11

1.009 ± 0.11

1.036 ± 0.05

1.198 ± 0.07

1.168 ± 0.06 0.967 ± 0.07

Data for figure 3.3 and 3.4(B): HPV-G oxygen consumption rates and ReI in various respiratory states.

- - -I

--

1.717 ± 0.16

2.380 ± 0.06

2.283 ± 0.01

1.873 ± 0.23 1.983±0.11

2.461 ± 0.20

2.756 ± 0.03

2.866 ± 0.43

2.090 ± 0.2

3.580± 0.23

3.466 ±0.11

5.980±0.10

3.096 ±0.5

1.356± 0.04

1.159 ±0.01

1.254±0.18

1.115 ±O.O
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1.993±0.16 2.410±0.14

2.460 ± O.

4.160 ± O.

4.743±0.16

4.363 ±0.3

5.100±0.18

1.490±0.13

1.226 ±O

1.733±0.15

Data for figure 3.5: Enzyme kinetic activity of CHO-Kl cells post direct irradiation

3.954± 0.82
11.655 ± 4.09 10.490 ±1.1
66.783 ± 23 .6

43.190 ±23.

4.808 ± 2.2

7.043 ± 0.9

1.515 ± 1.1

2.945 ± 1.32

19.761 ± 9.1 40.187 ±13

Data for figure 3.5: Enzyme kinetic activity of CHO-Kl cells post ICCM treatment.

3.537±1.98
11.655 ±4.09

10.095 ±1.

66.270±19.0

0.927±0.10 10.192±1.
2 .766± 1.49

48.692±6.13 8.947±2.02

43 .998 ±11.1

Data for figure 3.6: Enzyme kinetic activity of HPV-G cells post direct irradiation.

I
._
__
I
1_
1.932 ±O.l94

5.008 ±0.34

6.235 ±0.407

0.472 ±0.12

4.552 ±0.814

3.465 ±0.90

3.752 ±0.691 2.230 ±0.1

1.308 ±0.08

16.349 ±1 .60

9.320 ±0.43

8.842 ±0.481

14.806 ±1.2

14.348 ±2.7

Data for figure 3.6: Enzyme kinetic activity of HPV-G cells post ICCM treatment.

1.932 ±O.l94

5.880 ±0.272

4.552 ±0.814

5.712±0.918 1.929±0.1

16.972 ±1.67

16.471 ±1.25 16.949 ±2.1
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14.622 ±5.2

Data for figure 3.20: Mitochondrial mass analysis in CHO-Kl cells post direct irradiation

163.4±8.85 138.4±5.35 140.9±10.

163.0±3.82

Data for figure 3.20: Mitochondrial mass analysis in CHO-Kl cells post ICCM treatment

155 ±4.90

Data for figure 3.21: Mitochondrial mass analysis in HPV-G cells post direct irradiation

100±15.4

108. 1±16.

115.6±13.3 139.2±13.6 350.7±16.1 134.9±10.1142.2±5.6

Data for figure 3.21: Mitochondrial mass analysis in HPV-G cells post ICCM treatment

100 ± 15.5

112. 8 ± 13.

115.6 ± 23 .8 128.9 ± 12.1 137.4 ± 9.4
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112.4 ± 11.

111.08 ± 8.9

Data for figure 3.24: Mitochondrial genome frequency in HPV-G cells post direct irradiation

100 ± 15.49

108. 1 ± 16.1 115.7 ± 13 .3 139.4 ± 13.6 350.7 ± 16.0 134.9 ± 10.

142.2 ± 5.6

Data for figure 3.24: Mitochondrial genome frequency in HPV-G cells post ICCM treatment

100±15.49

112.8±13 .7 115.6±23.8 128.9±12.1 137.4±9.42 112.4±11.0 111.1±8.96
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